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INTRODUCTION TO RADIO 
COMMUNICATION 


Radio communication, within recent decades, has become a 
popular way of conveying the intelligence between places that may 
be separated by thousands of miles. The ‘wireless* type of electrical 
communication utilising the radio wave transmission is called radio 
communication. The radio waves are the electromagnetic waves 

produced due to the 


escape of electrical 
energy into the free 
space. They travel 
with the velocity of 
light and consist of 
electric and magnetic 
fields at right angles 
to each other. These 
fields are perpendicu¬ 
lar to the direction of 
travel of the wave. 
Therefore radio com¬ 
munication can be de¬ 
fined as the inter¬ 
change of symbols , 
signals , intelligence « 

between two or more 
points , employing 

electromagnetic waves 
as the medium of 
transmission. 

10. THE SPECTRUM 
OF ELECTROMAG¬ 
NETIC WAVES : 

The electromag¬ 
netic waves cover a 
wide range of frequ¬ 
ences or waveleng¬ 
ths. They are classified 
as follows : 
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Spectrum of electromagnetic radiation 


mows . /• m 

(1) Radio frequency waves : They have frequency range from 
i few c/s upt<> 10* c/s and are generated by electronic device , 
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mainly oscillating circuits. The waves are used in television and 
radio broadcast systems. Classification of electromagnetic 
spectrum used in radio communication is depicted in the table 
separately. 

(2) Microwaves : The frequency range is from 10® c/s to 
3x 10 u c/s and are generated by electronic devices such as klystron 
and magnetron. These waves are used in radar and masers. They 
are also use.. to reveal the finer details of atomic and molecular 
structure. 


(3) Infra red spectrum : The frequency range is from 3x 10 n 
c/s upto 4 x 10“ c/s and are produced by molecules and hot bodies. 
These waves find various applications in industry, astronomy, 
medicine etc. 

a iLI] Light or visible spectrum : The frequency range is from 
4x 10 c ( s upto 8 x 10“ c/s and are produced by atoms and mole¬ 
cules as a result of internal adjustment in the motion of their com¬ 
ponents, principally that of the electrons. This region is used in 
laser technology. 

(5) Ultraviolet rays: The frequency range is from 8x10“ c/s 
c/sand are produced by atoms and molecules 
in electric discharges.. These ultra violet radiation of sun interacts 
with atoms in upper atmosphere, producing a large number of ions. 
This result in the formation of ionosphere that extends from 50 Km 

to about 1000 Km. from earth s surface. Ultraviolet rays are also 
used in some medical applications. 

S V 1 $ ru ray A '■ ThC / req , U u nCy ran 8 e is from 3x10'’ c/s upto 
,.* 1 and are produced by the inner, or more tightly bound 

diagnosis'" at0mS ' They arc found < ’ ui,e helpful in medical 

(7) Gamma rays : The frequency range is from 3 x I0‘» e/s 
upto more that ?x 10* c/s and are of nuclear origin They a/e 
produced by many radioactive substances. The waves having st[n 

£SS cosmic rays and arc 

1-1 - figgg?NIC DEVICES AT HIGH 1 REQUENCY 

Whole of the study of electtonics . divided according to the 
different frequency ranges required for the various particular „.e 
i.e. the choice of electronic circuitry for generation Vml ifilr 
transmission and reception depends largely uDon rh a ? pllfical >on, 
electromagnetic waves in operation. 8 y P thc frcc i uenc y of 

At high frequencies wavelength bein« sufficient!.. .. 
inductance coils and condensers cease to become* ’ “ Sual 

elements. With the rise in frequency the distributed ^ U ' C ' rCUit 
existing between tbc turns of a co 1 offers a t ‘ “Pawance 
Consequently, the coil acts more as a complex Ss'S^ 
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rather than as a lumped element with constant inductance. Further, 
at high frequencies, losses are increased to an appreciable propor¬ 
tion due to skin effect, proximity effects and radiation of energy. 
Condensers also meet the same fate because ot distributed induc¬ 
tance that arises due to linkage of magnetic flux. 

At high frequencies, conventional tubes do not operate favour¬ 
ably and efficiently. In case of amplifier gain decreases ; input 
impedance and the maximum impedance that can be realised in the 
Dlate circuit also decreases. When valves operate as oscillators 
even output decreases : they become (ess efficient and output 
obtained is limited by both plate dissipation and grid dissipation 
at ultra high frequencies. The circuit reactance liw,t . a ^°“ s : c ' r ; ul1 
and tube loss limitations and electron transit time limitations arc 
responsible for above effects in conventional tubes. 

For transmission purposes, parallel wire lines are used at 
frequencies of the order of 100 mc/s. Above 200 mc/s P^wer loss 
due to radiation and induction becomes excessive Coaxial .ines 
are best suited above 200 mc/s upto 3000 mc/s because heir 
attenuation even at very high frequencies is very low. In micro- 
wave region waveguides are most suited. Tneir peak power 
capacity is greater than of coaxial lines. 

For radiation purposes, at radio frequency rjn S« shor ' v ' r ‘' ca ' 
grounded or remote from ground aerials are used. Upto 1001 me s 
arrays of antennas are commonly employed. Reflectors and lenses 
are most common above 1000 mc/s. although parabolic reflectors 
are fairly common down to atleast 1000 mc/s. Lease are basically 
microwave devices not ordinarily used below about 3000 mc/s. 
Above 10,000 mc/s lenses are most commonly used. 

For propagation purposes at high frequences upto 30 mc/s 
skv waves are used for long distance communication. At such 
frequendes jound wave attenuation is very I arge and therefore 
ground wave propagation is limited to very short range. At 
too mc/s ground waves because of their high attenuation and sky 
waves because of their failure to be reflected almost fail to pro- 
oagate the signals. Space wave or line of sight propagation is 
practically thewily mode of propagation in this frequency-range. 

Due to refraction in earth's atmosphere propagation beyond the 

line of sight is possible. Above 300 me s only space wave propag 
tion is possible. 

12 NEED OF HIGH FREQUENCIES : 

For radio communication, a wide of £to 

required in order to impart appreciable amount of intellige 
the electrical system in the communication process. 

For better reception of energy flux at the receiving; ana tnc 
radiation efficiency of the conductor should bf sufficienl'y h'gh 
conductor will radiate sufficient amount of energy, if s , 

is comparable to wavelength of energy wave. The size 
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conductor is inversely proportional to the wave frequency. High 
frequency waves can therefore, be radiated by a small radiator, 
while low frequency waves require a large antenna system for 
effective radiation. 

Another reason for high frequency transmission is to have 
better signal selection at the receiving point. In higher frequency 
range, the percentage with which the components carrying intelli¬ 
gence extend above and below the mean frequency of the wave is 
relatively small. The selectivity, therefore, increases because indi¬ 
vidual narrow bands of frequency spectrum will be assigned to 
different transmissions and a desired transmission may be selected 
for reception on the basis of discrete band occupied by its frequ¬ 
ency components. 

13. MODULATION METHODS: 

These are the methods used to transmit the intelligence at radio 
frequencies. Some characteristic of the wave is varied inaccordance 
with the information to be transmitted. The proper combination 
of the carrier and the signal waves, such that the carrier is able to 
convey the intelligence through the transmission system is called a 
“modulated** carrier wave. 

One way of modulation is 
termed as amplitude modulation. 

In this process the amplitude of 
the carrier is varied inaccordance 
with the amplitude and frequency 
of the modulating signal. Frequ¬ 
ency of carrier remains constant. 

The amplitude modulated wave 
is shown in figure 2 (c). The 
resultant wave consists of two 
side bands appearing above and 
below the carrier frequency. Each 
of these side bands consists com¬ 
plete information. The side band 
frequencies can be considered as 
being generated as a result of 
varying the wave. The magni¬ 
tude and frequency are deter¬ 
mined by the character of modu¬ 
lation. 

Another way of modulation 
is to alter the frequency of the 
carrier for the purpose of intelli¬ 
gence transmission, termed as 
frequency modulation. In this way, 
the amplitude for the currier is Fig. 2. Amplitude and frequency 
kept essentially constant and the modulated waves along with earner 
frequency is varied above and wave and modulating signa 



TIME 

UN MODULATED CARR/ER HAVE 
(a) 



TIME 

MODULATING SIGNAL WAVE 

U) 



t 


$ 


AMPLITUDE AfOOXATED NAVE 
fC) 


B iillli ?. A \ l V 

mm/mr' 

EPELVEN-V AtOCULA 7EO 

U) 
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below its original value inaccordance with the vibration of the 
signal. A frequency modulated wave is shown in fig. 2 (d). The 
number of times per second that the carrier , wave goes through 
complete cycle of frequency variation is equal to the frequency ot 
modulating signal and the range of frequency deviation is propor¬ 
tional to the amplitude of the modulating signal and is independent 
of signal frequency. For example, if we consider that a 100 mega 
cycle carrier being modulated by a sinusoidal signal and if there 
is 2 k.c. frequency shift per volt of signal amplitude, then for a 
modulating signal having an amplitude of 25 volts and a frequency 
of 1 k.c., the instantaneous frequency of the modulated wave will 
vary between 99 95 megacycles and 100 05 mega-cycles at rate of 
1000 times per second. 

14. RECEPTION OF RADIO SIGNALS : * 

The first step in the reception of radio signals is to abstract 
energy from the radio wave passing the receiving pomt. When 
anicnna conductor cuts the electromagnetic flux of the wave, a 
voltage is induced This induced voltage develops a current in the 
conductor having its time variations exactly same as radiating 
antenna. 

The second step is to select the wanted signal and discriminate 
the signal of other frequencies. The ability is called selectivity and 
is achieved by tuning of resonant circuit used in the receiving 
system. Since energy may be received after travelling thousands of 
miles, it is preferrable to amplify the received energy for satisfac¬ 
tory reception. 

The third st-p is to recover the original modulating signal 
from the moduUicd wave. The process is called detection. In the 
case of amplitude modulation, a simple rectification of modulated 
wave serves the purpose. For detection ot f. m. wave, it is first 
transmitted through a circuit in which the relative response de¬ 
pends upon frequency. The wave thus emerging from this circuit 
is amplitude modulated which is then rectified. 

15. GENERAL PICTURE OF RADIO TRANSMISSION AND 
RECEPTION : 


Figure 3 gives a clear picture of the steps involved at the 
transmitting and receiving stages. The next chapters of the bnnV 
deal with details of each of these steps. 


The first step at the transmitter is to convert audible sound 
waves into electrical impulses by microphone. The imnukec 
then amplified by audio amplifier For the transmission of these 
impulses, modulation is performed. The carrier wave 550 V r • 
generated by r.f. oscillator The output modulator is annltd . IS 
a transmitting antenna. The modulated carrier wave i< d to 
out into space by the antenna. 1S ^us sent 



Fig. 3. Illustration of various steps in transmitting and receiving stages. 
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At the receiver, a voltage is induced in the antenna when the 
latter cuts these electromagnetic waves radiated by the 
transmitting antenna. The proper frequency is chosn by means of 
tuner. The so received modulated wave being weak, is 
amplified by r.f. amplifier. The output of r.f. amplifier is con 
to the detector stage at which audio signal is separated ] 
the carrier. Audio signal is then amplified so as to operate 
loudspeaker. 


Ill 


2 


RESONANT CIRCUITS 


In radio system several electrical circuits are used to perform 
various functions. The property of the system depends upon the 
operational characteristics of these electrical circuits. In this section 
we shall discuss the selective circuits. 

21. SELECTIVE CIRCUITS: 

To achieve desired selectivity, resonant circuits are employed. 
The operational characteristics of these circuits depend upon 
whether the inductance and capacitance are in series or in parallel. 
We, therefore, classify the resonant circuits into the following 
categories : 

(/) Series resonant circuit. 

(if) Parallel resonant circuit. 

2*2. SERIES RESONANT CIRCUIT : 

A series circuit containing LCR is shown in fig. 1. When the 
resultant reactance is zero, the circuit is said to be in resonance. 
The voltage drop across the inductance leads the current by 90°, 
whereas across condenser lags the current by 90 If the two drops 
are nnde equal, as shown in fig. 2, then the total impedance of the 


L C * 

—I 




A/Xt 


V-I* 


hx c 


Fig. 1. Series LCR circuit. 


Fig. 2. Vector diagram of series 
circuit in resonance. 

circuit will be only resistive and the impressed voltage is equal to 
resistiv* drop. This condition is called series resonance. Thus for 

resonance. 

LXl=>I’Xc or Xl~X c . 
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where X L and X c are the reactances of inductance L and capaci¬ 
tance C. Also 

2irf. L =—f— f= - 2kV(LC) =h. ... ( 1) 

/ 0 is resonant frequency in c/s., where L is in henrys, and C in 
farad. 

From above relation, it is obvious that the resonance can be 
obtained oy varying either of L t C and /in the series circuit. 

Current / in series LCR circuit can be written as : 

V 

...( 2 ) 


'4 


V{R'+(Xl-XcYY 
The voltage drop across three components will be : 
drop across resistance 

Vr=i R= vUn Swc?} 

drop across inductance 

VL ~ ,Xt vC*'+(Xl-W) 

drop across capacitance 

VXc 


V c =l X c . 




,.(3) 


...( 4 ) 


...(5) 


Resonance coives : At.resonance the power factor is unity, 


and current L 


j-. In figure 3, the 


shape of current curve before at, and 
after resonance is shown, lt is obvi¬ 
ous from relation for 7 0 that if at 
resonance resistance is doubled, cur¬ 
rent will be half the previous value. 
We see that with small resistance, 
current peak is sharper than the cur¬ 
rent peak when resistance is large. 
Therefore , small resistance is said to 
give sharp tuning whereas large resis¬ 
tance gives broad tuning. 



Fig. 3. Graph representing 
variation of current 
with frequency. 


Now we shall consider varioos ways of securing resonance 

(a) Varying inductance : When L is varie4 to produce reso- 
nance, a series is obtained as shown in fig. 4 reso “ 

Figure shows that V c is maximum at resonance while v .c 
drop across inductance, rises to its maximum value after™. L ' he 
This behaviour is inaccordance with our exDectnti^ u nance - 
Vc-IXe, X c is constant, therefore V c will be maSmui'SK 
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I is maximum, it., at rcsonaocc. 
In the case of V L =I.X L both I and 
Xl are increasing before resonance, 
therefore V L is increasing. At reso¬ 
nance, I is not changing, but Xl »s 
increasing ; hence drop is increas¬ 
ing. The drop continues to increase 
until the i eduction in current affects 
the increase in L, that is Xl- This 
point can be obtained by differenti¬ 
ating V L with respect to Xl ana 
equating it to zero, 



r T/v 1 Fig. 4. Series resonance 

dVt d I_ VXl — 1-^0 curves by varying L. 

r *+( X. -XcW V- VX' \ 1 2 & 

= -- R‘+(Xl-Xc)‘ 


= U . 

V *'+ Xc 

or Xl9= Xc 9 

r f c 1 ) «-(6) 

therefore L 2-/1 Xc I 

' When C is varied to produce 
(b) Varying capacitance. When 

resonance, curves as shown in fig. 5, 

are obtained. / / ^ 

In this case Vl will be maximum j. Y\ 

at resonanc.-, since A't is constant I \\ 

V c attains maximum value before , \\ 

resonance because at resonance, Xc ^ j, , 

is decreasing whereas the current is A, / \\ \ 

not changing. Theretore drop l-Xc /** / 

must be decreasing; consequently, // 

the drop must have been maximum ~7TZ~ x^C 

before resonance. At resonance the _/- -- 

drops across L and C ate equal and „—c-—- ““ 

opposite. The condition for maxi- >- 

mum Vc can be determined by diff.r- / 

entiating equation (5) with respect to / | 

X C and then equating it to zero . ' 5 

dVc d f VXc _1 / S 

dXc^dXc j * 

=0 Fig. 5. Series resonance curves 

by varying capac-tance. 


4s A 


X L -C 
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=0 


or 


or 


Xc 


L 

■(**+**)' 


...(7) 


V+VXc.j lR , +(Xi-Xc) t ]'' , .2(X L -Xc ) 

.ip+cii-jrc)* 

R'+Xi* 

XL 

C~T <**+*•.*) .• 

The impressed voltage equals //? drop, Me power /actor is 
unity and the current is maximum at the resonance. For zero capacita¬ 
nce, the capacitive reactance is infinite and the current is, therefore, 

R 

zero. The power factor varies from ^,^ - t - - ^ -- a - when C is infinite, 
to zero when C is zero. 

Since it is quite easy to vary capacitance gradually and smoothly , 
resonance is usually obtained by varying capacitance C. 

(c) Varying frequency: When 
frequency is varied then the resonance 
curves obtained are shown in fig. 6. 

This case includes both the above 
cases of varying inductance and capaci¬ 
tance. Neither Vc nor Vi is maximum 
at resonance. The current is zero for 
both zero frequency and infinite frequ¬ 
ency. 

It will be observed that for all 
methods of producing resonance : 

(/) The current is maximum and 
dependent only upon the impressed 
voltage and the resistance of the circuit, 

00 the power factor is unity, 

(HI) the power is maximum and 
equal to the voltampere (VI) at the Fi* * 
pent of resonance. ,g \$K““ by 

2 2. SERIES CIRCUIT AS A SELECTOR • ' ^ 

figure 7, the circuit has lower .mpldin^for th r^ * 

Therefore, LCR circuit passes'^“Mcy. 
frequency more readily than other frequencies r ^° nancc 
selective nature. The band of frequencies which t,™ shows i,s 
readily is called the pass band. The pass - h3S paSSed c l uilc 
ranly considered to be the range ' S SOnlc " m « arbit- 

* ° 'fluency over which the 

current is equal to or greater than — a s „ 

V2R as shown »n figure 7. 
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The relation for current is 


’-^{ip+^L-ihcy) 

If o) P be the angular fre¬ 
quency corresponding to 

V 


v 

* 

m 


then 

V 

V2 R 


V2 .R' 
V 


f 


71 



bt, <*bOJZ 

WGULAfi ttSQVfA/CY —* 

Series RLC circuit as a 
band selector. 


or V 2 R=y)**+(»i>£-^j‘} 

or { urL -^) =Rt ota,rL -kc~ ±R 

t ,R 1 n 
or ^±£-^-£2-0. 

When solved for wp above equation yields 
±RIL + V(X 2 lL t +4ILC) 

u)p= - j -. 

~±£±y(M 

In a selective RLC branch is usually much smaller 

than 1 ILC. Hence the above relation can be written as 

w ' =± iL±J(rc )• 


but 


-L=cu 0 *=resonant frequency. 

Lv 


Therefore 


o)p=±2l± w o 


If only positive values of <u 0 are considered, then 

R 


Let 


a,f=w# -2Z' 


wi=®o“2L* 


,R 


Then the width of pass band will be 


•The points at which the current assumes the value arc h *|f 
points because, at these points, the power is exactly one half the maxim 
power which occurs at resonance. 
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Au)=u) t —a) l =j--fad ./ sec * 


or Af=fi-fi=f^i c l s - ...(1) 

Therefore the frequency range for the pass band as defined 
here is Af=f 2 —f l =RI2r>L c/s. 

2 4. THE Q OF SERIES CIRCUIT : 

The degree of selectivity of a circuit, that is, the narrowness 
of the bandwidth is usually expressed in terms of the symbol and 
is expressed as 

0=-^-=—=- m 

* u) t —o) | Ao) Af •••v 1 / 

In the case of series circuit 


n _ W 0 L 

U” rlu Au>~RJL 


R$ 


1 


1 


at 


} CR. 


I 


.R,.C 




...( 2 ) 


VttC) 

where R t is the total equivalent series resistance of the circuit. 
u) n L o> 0 L/ 0 


Qittur 


K 


R.I 

Voltage drop across L 


Voltage drop across R, (impressed voltage) 

ai n - 1 1 ; o 7 oKC 

Also UqCRi - R j*^c - R.I, 

Voltage drop across C 
~ Applied voltage • 

This Q'ttit, is multiple of the applied circuit voltage that will 
exist across each of the reactive components at resonance Q, t bears 
its own significance in radio frequency circuits where Q, is essen¬ 
tially constant than in low frequency circuits where R, is essen¬ 
tially constant. 

Example. To calculate the width of passband of a series LCR 
circuit with 

Q = no, 

L= 150.10"® henry 

C=200 pf. 

D 

Width of passband =/ 2c/s 


and 




2 vL 
L 1 


R R vlLCj 
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wJL _L_ 

*-Q' VM 

150.10” 8 


1 


ohms: 


150 


25. 


T20 - ' VU50.10-*.200.10-“) 

/.-/.-TSTCTOTiF .- 7 " 3 ** 

PARALLEL RESONANT CIRCUIT : 


12V(3) 


ohms. 



Fig. 8. Parallel 
resonant circuit. 


A parallel circuit consisting of a coil associated with a resist 

ance R in parallel with a capacitance is shown in 
figure 8. Resistance associated with capacitance 
is assumed to be negligible. 

An expression for the importance of this 
parallel circuit can be derived as follows : 

Let Z be total impedance of the circuit, 

Z Ry Zl, Z c be the impedances of resistive, induc¬ 
tive and capacitive branches; then we can write 

z JZ R +Z L )Zc_ (R+ju>L)(-j!«>C) 

Z/j-f-Zt+Zc R+j (wL— 1/oiC) 

( R+ju>L) (-jla)C)[R-j (oiL-1/ciOI 

’ 

L-CfrW+^1) 

" co’CW+l^lC-1) 1 
Separating the real and imaginary parts, we get 

R 

effective res.stance *. +(uJ «7c-l)' ’ 

effective reactance + ( --IC-1)» ■ 

The magnitude of total impedance Z can be written as 

Z=VUL- tA, )-- 

/r*±££_1 


.(« 


VlW*C*R*+ w*LC-l)*} (R 2 +w*L*)] 
V{R 2 +^(CR 2 + cu 2 L 2 C-L)-} 




( 2 ) 
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The admittance Y=\\Z will be minimum when in equation (2) 
C*+*UC-h-*. 

This corresponds to the reactive or quadrature component of 
admittance vanishing. At such a minimum admittance i 
mum impedance, the circuit current will be minimum for an 
applied e.m.f. This will occur at a resonant frequency 

f9 '2n 


where 


C/PWL'C-I-O, 

i(rc-S) ■■■ ^W(xc-S) . ...(3, 

This type of circuit is known as a rejector circuit . Since the 
reactive component of the admittance has been made zero, tne 
impedance of the circuit at resonance will be purely resistive m its 
effect. Equation (1) at resonance takes the form, 

This impedance at resonance is called dynamic resistance . 

Therefore dynamic resistance 


. R +m l #\ m ± 

^K \LC L') CR • 


Peak current from supply source at resonance called the make 


up current will, therefore, be equal to 


L/CR 


The current 

L. 


in capacitance and inductance branch called forced oscillatory 
current will be equal to the peak current in the capacitance, 7c. 
But Ic=Vu 0 C t so that 

Oscillatory c urrent _ Pa> 0 C Lo) c _ nf 

Make up current from supply^ VCR ~R ~ ^ aclor ’ 

7T 

Thus the parallel rejector circuit at resonance exhibits current 
magnification of while series acceptor circuit a voltage magni¬ 
fication of the same ratio. 

The dynamic resistance can also be expressed in terms of O 
i.c., dynamic resistance 

L 


_J_ o 

~CR R m €o 9 C~* m 


1 

CO 0 C 


Thus at resonance, the impedance of circuit becomes Q times 
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impedance of the branch line. Figure 9 shows the resonance curve 
for the parallel resonant circuit representing a minimum current 
at the resonance. 

Figure 10 shows the magnitude of a parallel circuit impedance 
as a function of frequency for different circuit Q's. 




Fig. 9. Resonance curve of Fig. 10. Variation of itnped.nc* of parallel 
parallel circuit. circuit with frequency for different 

Q values. 

We see from equation (3) that the resonance can be obtained 
by varying either L,C and to.. As we have discussed with scries 
circuit, the resonance condition can here be found for all the three 
cases as follows: 

(a) Varying inductance : The frequency for parallel resonance 
when inductance is varied, can be found by differentiating admit¬ 
tance with respect to inductance and equating it to zero for 
minimum condition. From equation (1) the square of admittance is 

. rr <qW+(qsl c-o y 
1 Y 1 “ 

(Rt+<JL*)[0+2(o/LC-\) oK] 

d \ Y \ % —2w*L [w i C t R t 4-( a* 1 LC— 1 )*] _ n 

dL ~ = (R'+u'L')' 

or (a>*LC—1) C-L [a> l C t /? l +(a>*LC-l) 2 ]=0 

or (R*C+L) (a>*LC— 1)— Lu> % C*R} =0 

or -a>*L*C=L+**C. 

“ ,= zc + p’ =7(ic + r*)- 

We see that at this frequency, though impedance of the parallel 
circuit is maximum, but the power factor is not unity. Conse¬ 
quently if L is adjusted until the circuit has maximum impedance, 
the power factor will no longer be unity. 
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(b) Varying capacitance : Similar to above case, the condition 
for maximum impedance can be found as 

d\Y\ % f/?*4-oi*L a ) \2<v 9 CR t +2 (co'LC— 1) n 

~~dC iR'+w'VT 

or CR*+L (<o*LC—1)=0 

a) i L*C=L—CR* 


"“‘Wile - !*)’ 


which is the condition for unity power factor resonance. Thus when 
capacitor is adjusted for maximum impedance, the condition for 
unity power factor is itself satisfied. This metod of tuning is, 
therefore, preferred in radio experiments. 

(c) Varying frequency : By a procedure, adopted in above 
two cases, it can be shown that when frequency is varied to obtain 
maximum impedance, the frequency of parallel resonance is 


and 
/o' 


1 


2 R*C\ &Vn 

L J L* J 


1 


\j{ 


H 


7R : C 



2vy/{LC)[J V ' L 
The condition is not consistent 
with the condition of unity power 
factor. Resonance cunes, when 
frequency is made variable, are 
shown in figure 11 . 

It is to be noted here that 
impedance varsus frequency curve 
for parallel circuit resembles with 
current versus frequency curve of 
series circuit. We shall discuss tins 
in the next article. 



Parallel resonance by 
varying frequency. 


2 6. DISCUSSION OF Q-VALUES : 

In above three cases, we have described the resonance condition 
for the circuit when Q value is low. Radio circuits mostly employ 
the parallel circuits which have sufficiently high Q values When 
the value of Q is high then L>>R and we can neglect Terms 
invoking R/Z" When we apply this condition to above thiee cases 
then the three possible conditions for parallel resonance are satis¬ 
fied essentially at the same frequency, i.e. 1 

t "0 = %' = ‘*'o' 


which is same as for series circuit 


V(Lcy 
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2 7. SELECTIVITY OF PARALLEL RESONANT CIRCUIT : 

If for the high Q value we write the expression for impedance 
of parallel circuit, it will come out to be 


Z L Zc 


j<oL. j/wC 


LIC 


Zr+Zl+Zc 


J,+ 4" £ -i) s +'(* £ -iy 

Multiplying by co 0 to L and C in numerator, 

7 oj 0 LIoj 0 C 


parallel 


z parallel 


(o-cLY 

_ constant 

'wLl-SY 


-• since J& 


-• ( 1 ) 


then 


If we write equation (2) § 2-2 for the current in series circuit, 
V _ constant 

htriet 1 


R +j H-i) *+'(•*-;£)' 


...( 2 ) 


It follows from equations (1) and (2) that both parallel impe¬ 
dance and series current are equal to a constant divided by the same 
impedance. Therefore, the resonance curve of the parallel Impedance 
of a circuit can be considered to have the same shape as the resonance 
curve of the series current in a circuit consisting the same inductance , 
capacitance and resistance connected 
in series instead of a parallel 
arrangement. Consequently the 
working rules that were applied 
for estimating the sharpness of 
resonance of the series circuit also 
apply to the case of parallel 
resonance when the circuit Q is 
high or moderate. 

The parallel circuit’s response 
curve is sho wn in fig. 12. The 
peak of the curve will correspond 
to impedance at resonance i. e. 

L/CR. The sharpness of the curve 
depeods upon the circuit Q and 
may be increased by increasing the 
value of L/C or decreasing the 
value of R. 


Small R 




Frequency 

Resonance curves for 
RLC parallel circuit. 
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Fnr hich R values the pass bandwidth or the degree of 
selectivity of the parallel resonant circuit can be defined in a sum- 
lar manner as for series resonant circuit, i.e. 

d/=/o/S. 

2 8 FURTHER DISCUSSION OF SHARPNESS OF RESO¬ 
NANCE IN PARALLEL CIRCUIT : 

The variation of parallel circuit impedance with angular fre- 

quency o> is shown in figure 13. 

The circuit is said to be more 
selective if it offers high 


impedance at resonance and 
a much lower impedance at 
other frequencies. 

PP' at which the impe¬ 
dance is Z 9 /y/2, where Z 0 is 
the impedance at resonant 
fiequcncy for medium Q is 
called width of resonance 
curve. Then Q t the selectivity, 

is defined as ^ . In practice 
Au> 

► 0 and thus 


I ! ^^HGHQLe.LOWR 
! \ 


W/OMQ 





Z 


Fig. 13. Impedance curve 
jtoL 

\l-w'LQ+j*>CR 9 

U)L _ 

VUl-<*) , LC)-+«u*C , R'}’ 


At o>=o> 0 , Z=Z 0 = 


RC 


If o)=u> 0 £lJu*, the terms wL and awill be almost same 
as iv 0 L and w 0 *C*R' but the terms tl -w'LC) will no longer be zero 

^since when R-+ 0, o> 9 = so that for term we a8sume 

that o>=a> 0 ±tdu>, and not only equal to o>. 

For R— 0 and | Z 1= —/.e., w=w 0 +iAtu, we have 

y/2 

Za 1 - _^_ 

V2 LCf+wfC*#\ * 

i?oL L/CR 


V2 


Z~ 0 CR V[{{ 

._°_?o_ 

LC}*+< O0 «C*R , l 
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Therefore, I-(«•+! A") 1 LCIH^W], 

-K+Jdco)* 1C]* 

= £l“(«/+w + JJtu*) J 
— I neglecting Aar terms. 

•• *-“-(£) - ssrfe)- 

C= <^CK = V 

-X vkcrH(-c)' 

■tm 


But 


Thus 


/«5_\ _J. l^p 

\Jo>/ OJqCR R 


which is a measure of the selectivity of the parallel resonant 
circuit 


2 9. EFFECT OF SOURCE IMPEDANCE ON THE SHARP- 
NESS OF RESONANCE CURVES s 

Suppose Z 9 is the internal impedance of the generator to 
which the parallel combination of L and C is connected. Then, by 
Thcvenin’s theorem, assuming the generator voltage as open- 
circuited voltage, the current through load connected will be 

Ir "Z 9 +Z r 

Therefore, voltage across the combination 

__ e oc Z R 
£ * Z.+Z,’ 

where Z R is the impedance of parallel combination. 

Now we see that: 

(/) at the zero internal impedance of the generator {Z g = 0), 
the voltage across the combination will be independent of 
frequency as represented by a line Z,=0 in the 
figure 14; 

(ii) if the generator his high impedance then at resonant fre¬ 
quency, the parallel circuit impedance being maximum, 
the current will be minimum. With the result, that the 
voltage drop across combination will be higher and 
that across generator impedance will be minimum : 

(iil) as the frequency is increased or decreased from the reso¬ 
nant value, the parallel circuit impedance decreases and 
the resistance of the generator is increased. Consequently, 
voltage across combination falls and that across generator 
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impedance increases. 
Greater is the value 
of generator impe¬ 
dance, i.e.y greater 
the deviation of fre¬ 
quency from resonant 
frequency, sharper 
will be the fall /.e., 
curves are more 
peaked. 

Therefore to se¬ 
cure better sharpness 
of resonance curve 
with high Impedance 
generator , a parallel 
combination should be 
used. 



Fig. 14. Effect of generator impedance of 
parallel resonance curve. 


210. DESIGN OF AN ANTI-RESONANT CIRCUIT : 


In vacuum tube class C amplifiers, the anti-resonant circuits 
are employed as a tuned load to the plate circuit. The reason is 
that the branch resistance is transformed into the large value 
appropriate for loading of vacuum tube. 

At anti-resonant frequency, the impedance of the circuit is 
purely resistive and is given by 

d — B _. 

fl ' io'C'R'+WLC- 1 )* 

Now the condition for unity factor is 


L-C<*+*»> or C-xgrf 

^ Substituting this vakie of C in above expression for R ar , we 


R RW+aHV 

(W+qj-O ) 

“ R 

•' ✓[* (R„-R)]. 

■■■ 

Also L=(R* +u >L') or ^ ={R , +u , L , )=RRar 



...( 1 ) 

...( 2 ) 

-( 3 ) 
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Relations (1), (2) and (3) can be applied to design an anti¬ 
resonant circuit and hence the design formulae. 

Example. It is desired to design an anti-resonant circuit to 
transform a branch resistance of 100 ohms into an effective resis¬ 
tance of 10,000 ohms at the anti-resonant frequency 10® c/s. 

For the design of an anti-resonant circuit, we should find out 
the value of Q , L and C. From giveq data, it is obvious that 

wL=100 ohms 
/=10® c/s. 

Effective resistance=0. branch resistance 

Therefore Q.Lw*= 10,000 ohms, 
or Q= 100 since Lw= 100 ohms. 

Resistance of inductive branch 

= 1 obm and Loj= 100 

v Iw 

. 100 100 . 

£_ 2;/ = 23 : T4'lO* henry 

= O’159.10 -4 henry. 

For the value of capacitance, 

Lo,=^- = 100 . 

Cw 


1 


1 


in-» 

.n-'O'USllO-" farad. 


100<o~2rr.l0®.l0 l ”6*28 

The required values for the design of anti-resonant circuit are 
Resistance=1 ohms. 

Inductance = i 59.10" 4 henry. 

Capacitance = 00159 nF t 
< 2 = 100 . 

211. COMPARISON BETWEEN SERIES AND PARALLEL 
RESONANCE: 


Series Resonance 
(a) Impedance at minimum 
value. 


Parallel Resonance 
Admittance at minimum 
value. 


(6) Inductive and capacitive 
reactance equal in magni¬ 
tude. 

(c) Reactive components of 
voltage combine to equal 
zero. 

(d) Voltage source constant 
in maximum magnitude. 

(e) Current maximum for 
constant resistance. 


Inductive and capacitive 
susceptances equal in 
magnitude. 

Reactive components of 
current combine to equal 
zero. 

Current source constant 
in maximum magnitude. 
Voltage maximum for 
constant conductance 
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212. COUPLED CIRCUITS: 

When the two circuits are so arranged that the energy can be 
transferred from one to another, they are said to be coupled. 

In common cases, coupling is produced by two coils (one in 
each circuit called primary and secondary coils) between which 
mutual impedance exists. These are called inductively coupled 
circuits. The effect of mutual inductance is to make possible the 
transfer of energy from one circuit to the other by transformer 
action. That is, the alternating current flowing in one circuit (pri¬ 
mary circuit) as a result of the voltage applied to it, produces a 
magnetic flux which induces a voltage in the coupled circuit 
(secondary circuit). This results in an induced current and a trans¬ 
fer of energy from primary to secondory circuit. There are three 
types of primary and secondary circuits : 

(a) primary and secondary circuits both untuned, 

( b) primary circuit tuned and secondary circuit untuned, 

(n) primary and secondary both tuned. 

2*12-1. TERMS USED IN COUPLED CIRCUITS : 


(1) Conductively Coupled Circuits : 
Figure 15 shows the two conductively 
coupled circuits. The circuit 1 is called 
as primary circuit while circuit 2 as 
secondary circuit. The impedance (/? 12 
or 2U X ) of the common branch is called 
as mutual impedance between the cir¬ 
cuits. This impedance may be a pure 



Fig. 15. Conductively 
coupled circuit. 


sbmk 

The dire « ions 

Zii-Z,+Z 13 (Impedance of circuit 1 to /,) ...(1) 

r ,l “ Z,+Z « (Impedance of circuit 2 to / a ) ...(2) 

If the cucuit parameters are constant 

ADDWinn < Kirrhhi^ P , tdanCC belwee " circuit. ' and 2). 
Applying Kirchhoff 6 law to circuits 1 and 2, we have 


z ll r,-z ll i i = E 

Z,i/ 1 +Z„/ J= o. 


/= 


/= 


E 

0 

-2 la 

- 

z n 

—Z.. 


Z, 2 

2„ 

E 

.r z n 

0 

z„ 

-Z xi 

-Z„ 

i Z i 

z„ 1 


£Z =«_ 

Z ll Z i2-Rn* 



...(3) 

...(4) 


...(5) 


...( 6 ) 
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The input impepance of mesh 1 may be determined as 
Zx <■= in 

= 2 ir ?lL ...(7) 

mesl^'m*(^ified by^thTpresence of?he seccmd^mesh °because^ t of 

the tenn —ZnV^n* as 

The transfer impedance may also be determmed as 


.( 8 ) 
circuits 
2 


2 JZyyZtL 

0 , Motnil**- = “f" 

1 <wrf 2 Is defined as >** ra . “°J n ^ he c irJlt-2 Is open circuited, 
per unit current in clrcut be generalize d to 

The definition of mutual impe shown iD 6gurc |6. 

apply to two pairs of terminals 11 and 

7 Jl ...(9) 

Z„-, 




,/f 



C/KOfTJ 

_jt- 


l 





Fig 16. Circuit-1 coupled to circuu-2 ig- • |-C network. 

F E through an arbitrary 

network. 

The coupling reactance i» 

= ...( 10 ) 
X—,n*9 *Vj(AT,4- x*+x%) 5 

KenSu^nd circuit -2 is ____ 

^ . =-—-—-=- r\iu>L\) - 
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=Crf-C t + 


C£ 

C, 


(3) Coefficient of Conpling : The 
between circuits 1 and 2 is defined as 


...( 11 ) 

coefficient of coupling 


*= 




'ti 


. , , . V(Z..'Z«') ’ ..(12) 

where Z n is the impedance seen looking into terminals 11 # with 
terminals 22' open circuited. 

Z aa ' is the impedance seen looking into terminals 22' with 
terminals 11 ' open circuited. 

rail (4) 'onpliog : The two circuits are called magneti¬ 

cally coupled when a portion of the magnetic flux established by 

UU m,er inks . Wlth V he second circuit or ,he ^ergy is trans- 
” onc clrcuit ,0 * he 0Iher circuit by way of the magnetic 
field which is common to the two circuits. Figure 18 shows the 
‘wo.coi s magnetically coupled. The total flux due to current I 
in circuit 1 is divided into two parts. '■ 

(0. The part which links 
only with the turns of circuit -1 
and is known as leakage flux of 
circuit -1 with respect to circuit-2. 

. M Thc Part which links 

with the turns of circuit-2 and is 
known as mutual flux produced 
by circuit- 1 . 



t • 




Pig. 18. Two coils magnetically 
coupled. 

...(13) 
in ci cuit-2 is 


and is known as leakag^flux of circuit 1 2**^ h hC ' UmS ° circuit ‘ 2 
•• it —+^„. 

(5) Mutual inductance : If a enn-rnt .k u •• (* 4 ) 

?L W ''V' me - ,he it also varies wh r h 0U ,lL an rv.. i " d “ Ctan . ce 


'- L It vol,s - 

where Z. is the constant of proportionality TV "‘ (15) 

as set] inductance of the coil. P Iy ' Thls constant is known 

From Faraday's law, we have 
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N d * 

e= ~ N dt- 


...( 16 ) 


From equations (15) and (16), we get 


N d l- L d l 

N dt ~ L dt 

henrys. 


or L-N% henrys. ...(17) 

As shown in figure 18, when a current /, varies with time, the 
flu, and <*„ also vary with time. The flux produces a vol¬ 
tage ill circuit-1 and produces a voltage in circuit 2. The e m f 
, : induced in N, is called an e.m.f. of mutual induction, since it s 
an e m f produced in circuit 2 by a change of current in circuit-1. 
Ue mutual e.m.f. is proportional to the rate of change of 
current /, i e., ^ 

volts. ...(18) 

The constant of proportionality A/ la is called the normal induc¬ 
tance between coils N x and N t . 

If the rate of charge of flux + lt is considered, then 

Ws^volu. 


Comparing equations (18) and (19), we get 
Af lt =AT t ^ henrys. 


is 


...(19) 

.. ( 20 ) 

propor 


Eauation (20) shows that the mutual inductance . 

tionaUo t hc rate of change of flux in N, with respect to change in 

Similarly, the mutual inductance of circuit 1 with respect to 
circuit 2 is 


% ..,(211 

(6) Mutual Reactance : Considering figur e 1 8, the basic 


(O) HIUIUBI aw-*—— • — 7 - 

equations of voltage for the two circuits can be written as 
ei=f?i'i+^i T' 

e,=R,l,+L, 

If, for example, sin o,r, the voltage drop in 
due to mutual inductance is 


...( 22 ) 

...(23) 

current 2 


M 


%±=wM lt Li cos wt 
— Xbi\t COS Oit 

i 1 / y . i» cilled the mutual reactance. I his 


12 dt 



(24) 


••(25) 
i.e (iM, 
Wtillt) give 


...i26) 
N tt then 
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of mutual inductance to the exciting current. The voltage of mu¬ 
tual inductance leads the exciting current by 90° and hence the vec¬ 
tor expression for the mutual reactance is 

X M =ju>M=u>M L 90°. 

(7) Coefficient of Magnetic Conpling : 

From equation (20) and equation (17), we have 
Af^ AT, dtjdi, 

U N x dfa/dlx N x d<t>x • 

The fractional part of which links with N t 
and the fractional part of which links with N lt i.e. g,ve 

the degree of couphng that exists between the two windings If 
these two fractions are small, the coupling is said to be loose If 
all the flux due to i, on coil N, links with the turns jVj, I.e., there 
is no leakage flux, we have ’ ’ 

and di l =di il 
• 

• • £ • 

If a fraction k x of the flux ^ links with the turns 
0 , 2 =A:,and 

Mv i * 

U 1 N\ (21) 

of ^ wehave if ,he fraC,i ° D ** ° fthe flu * *> Knk. with the "turns 
M tl _ AT, 

I, ** N,- 

Multiplying equations (27) and (28), we get 

k l *,=^! x ^L 

L\ Lf • 

If the circuit is linear lhen -a/ w- j.a 

coefficients as k,M=(k x * a )>/* , 1 dc fi ne *hc 

k _ M ' 

tu roQ) 

.v 

2 12-2. THE AIR-CORE TRANSFORMER : 

The conventional air core 
transformer arrangement is 
shown in fig. 19. The circuit 
1 energized by a.c. is called as 
primary circuit and circuit 2 
is called as secondary circuit. 

Due to the magnetic coupling 
between the two circuits, a 
voltage is induced in the Fie 19 

secondary circuit The ’ onventional air-core trans. 

former arraDgement. 


...(28) 
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induced voltage is proportional to the numberofsecoudary.ums 
N t and depends upon ihe degree of coupling between the 
windings. For the positive clockwise direction of !«• ‘* e s 'f, n ;° f £ 
is taken as positive. Under the condition M,, di,Jdi acts in tne 
same direction as L\ dijdt in the primary w ' ndm f n F ° r . ^ e C0U 
clockwise direction of i. the sign of M is taken as negative. 

The circuit equations are 


dt~ V ' 


...( 1 ) 
...( 2 ) 

In terms of effective value*! the equations (1) and C-) be 
rittenas .. .. ...(3) 


(*,+*> 


(Rt+jutLt) /,+>«/. = F, 

'*+[*+; 

For simplicity, we use the following abbreviations 
Z,«(/l,+Mi), z 4 =(f?,+>£.,). Zm=>M 

Zi/i+Z*/,-F, 

Z M /,+(Z t +Z) f,=0 
Solving these equations, we have 


...(4) 


...(5) 

...f6) 


F, (Z,+Z) _ 
/l= 'Z, iZ,+Z)-Zi(' 


and 


...(7) 

...( 8 ) 


, -F,Zv _ 

# * Z|l/»+Z)-Z|i 

The voltage F, which appears across the load impedance . 

y ' = z, iz t +ZFz^" :-. (9) 

defi »^ 

Transferred impedance : Now we wiUshow that how an impc- 

The equivalent impedance of an air co 
to primary side is given by 

7. fZ. + Zl-ZM 1 
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=Zi 


Z M ' 


where 


(Z a +Z) 

Z 1 +Z=(i? 1 +;wL 1 )+^+; J 

= j^(^i+/?)+; jw (L+Lt )—-Li 

_ n ' i •. r I 1 ^ 


•M 


( 11 ) 


=R,'+juL t '. 

Rationalizing equation (11), we have 

Z..=(R [+j ...r lh | v'M'xW ->£,') 

-[ 

nr:J, t i S .° bserve i d • rom equation (,2) lhat *«' appears at" foe 
primary terminals in the modified form as 

f_ »' M ' 1 R i__Xh x - . 

l(/?, ,, 4 -w , L a ' ! ) J “z; r > - • .. n3) 

If i?,' is very smali compared with t h en equation ( 13 ) 
takes the form^J R,‘ approximately. 

Thus a resistance R placed across the secondary may appear at 
primary as R approximately. 

of eaulvalent resonance: The inductive reactance 

laraif sf- 1 *-ssejasx S" 

=R.i+jX n , ;J 1 ( *> +“ !i * ) 

where f » , <*> l M!R 9 ’ 1 

,l l /?,+ (V+^I7*)| and 
*“=( " £l_ (17if3^7H-]=[ v M.' ^ I 
a«ce equaha'magaitude i ££ 
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with the primary, a primary unity power factor wnbeobumcd 
Thus the value of the capacitive reactance for primary unity p 
factor should be 


A'ai (Mr/**) 


=[ x. 


Xh'XS 


...(15) 

el with the piimary. In 

» • « 1 J h A AH II O 


'W+Xt ' 1 

The capacitor may be placed in parallel J"'"V7" ual 

this case the susceptance of the parallel capacitor be should be equa 
in magnitude to the susceptance b L of r,„ wnere^ 

Y,l= ~R.i+jX,r K.i‘+X.,‘ ~ j 

The capacitive susceptance of the parallel primary capacitor 
must be equal to 

Xu 

b,i (p«ra/l*/) = + ...(17) 

Example : Obtain an expression for the effective impedance of 
the primary of a circuit shown in figure 20. 

Here primary and secondary 
both are tuned circuits. Let X x and 
X 2 be the reactances of primary 
and secondary circuits, then 

ind X,=<oL,-^~. 

The current 1\ in the primary 
circuit will be 



Fi » 20. Inductively coupled 
circuit. 


...(0 


Vy-juHh 

• 1 / D i jV) • 

induced currents /, in the‘secondary circuit can be shown to 
be given by the expression 

jutMll ,. n 

2== ~~Ut*+jXtY 

Multiplying above and'below in equation («) by (*.->*«> 

jwMI , ( R, -jX t ) 

(Rt+jXi)' 
jw MIi {R% — jX%} 

= W+AVT 

Putting the value of f, in equation (0. ** 8 et 

X - Rf+xs I 

~ Vl I?+XS~ 
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='*{( R ^^^) +i ( 

** — ary be Z x \ then 

w (*-sa) 


w RS+Xt' r J \ ~' RS+Xi\ 

Let effective impedance of primary be Z 4 \ then 

7 , Vil j. otM'Rj \ . , I „ uJM'Xt 

Zl ~7 x [“^RS+XJ 

Therefore 


that 

reac- 


equivalent primary resistance = ^i+ 

v w'h'Xt 

equivalent primary reactance =X 

We see in above expression for resistance and reactance 
due to coupling action, the original primary resistance and 
tance have been modified by the components of reflected impedance 
of secondary into primary, i.e. 

resistive component of reflected impedance jr 

a J. J Jm % x\ 
reactive component of reflected impedance= —^- v 

The nature of this coupled impedance largely affects the 
primary and secondary currents. When the coupled impedance is 
small, then the primary current is very nearly the same as though 
no secondary were present and the effects produced in the secondary 
circuit by the primary current will likewise be small The coupled 
impedance will be low if the mutual inductance M is very small 
(/.e., if there is small coupling) or if the secondary impedance is 
very high. In contrast, if the coupled impedance is large due to 
strong coupling or small secondary impedance or both, the voltage 
and current relations‘hat exist in the primary circuit are then 
largely affected and i very considerable transfer of energy to the 
secondary occurs. 

2 12-3. THE AIR CORE AUTO-TRAISSFORMER : 

When the two impedance coils are arranged in such a way as 
shown in figure 21, the arrangement is called 
as an auto-transformer. The auto-transformer 
works as a step up voltage device, when the 
driving voltage is applied between the termi¬ 
nals ab and the load is connected across the 
terminals ac. ] he auto-transformer works 
as step down voltage device when the driving 
voltage is appiied between the terminals ac 
and the load is connected between the termi¬ 
nals ab or be. 



Fig. 21. 


Air-core auto- 
transformer. 
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2 13. BEHAVIOUR OF RESONANT CIRCUITS TUNED TO 
THE SAME FREQUENCY AND COUPLED 

TOGETHER: 

When the two circuits, resonant at the same frequency are 
coupled together, the resulting behaviour largely depends upon 
the degree S of coupling. We consider separately the follow.ng two 
cases : 

(a) When coefficient 
of coupling is small. When 
the coefficient of coupling 
(k= -005) is very small $ 

the effect of coupled im- Jg 

pedance is negligible. § 

Therefore the curve of £ 

primary current as a < 

function of frequency 
approximately resembles g 
the series resonance curve . 

of primary circuit consi¬ 
dered alone as shown in 1 
figure 22, (curve for 

/c = ‘005). — +FRE4U6fKr 

The secondary cur- 

. ic Fie 22 Variation of primary current win 

rent at the same time is f cncy f or different coefficien 

small and varies with ofcoupiiog. 





. •- 11 Variation of orimary current witn 

rent at the same time is F, «- • J * ncy for p different coefficient 

small and varies with ofcoupiiog. 

secondary circuit considered as an isolated circuit as shown y 
curve for /c=0005 in fig. 23. 



Fig. 23. Variation of .econdary current with frequency for 
different coefficients of coupling. 
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(b) When coupling increases. As the coupling is increased, 
the curve of primary current becomes broader and the peak value 
of primary current is reduced. At the same time, the secondary 
current peak becomes higher and the curve of secondary current 
somewhat broader. This process will continue until a stage is 
reached at which secondary current has a maximum value. The curve 
of secondary current is then somewhat broader than the resonance 
curve of the secondary circuit considered alone, and has a relatively 
flat top The primary current now has two peaks because ol being 
greater at frequencies just off resonance than at resonant frequency. 
All this will happen when the reflected resistance from secondary 
to the primary is equal to the resistance of the primary. This is 
known as cri* uil coupling and causes the secondary current to 
have the maximum possible value. Mathematically reflected 
resistance is 


Rr 


w'M'Rt 

‘jy+W 

At resonance, reactance is zero, 

<JM* 

s R, • 

For critical coupling R,=R lt so that 
R,=~ and u.’.U•=/?,*,. 


R, 


R, 

Since we have 






' Q,Q, ' 

Putting this value in equation (1), we get 

«*'/.. L. 




QiQ> ' 


i 


•• L>L t " K ' Q,Q,- 
lf = then 

coefficient of coupling K=~ =K C . 

If coefficient of coupling is further increased (beyond critical 
coupling) both primary and secondary currents decrease more at 
the resonant frequency. The double humps in the primary current 
become more prominent and the peaks spread further apart. The 
curve of secondary current also shows double numps. The cause of 
double humps in the primary current curve is due to the effect of 
coupled impedance in the primary circuit as it becomes appreciable 
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„h« »upli. 8 ib* A. 

be relatively small because of the very ^ which the 

while there is a neutralises the primary reactance, giving 

coupled reactance exactly neutr^Uses t ne p ^ andca u Sm g 

zero reactance for he total pr.manf cm: p uced 

the flow a Ki^a of the primVcurrent, it tend, 

the secondary current is a 1 . . th primary current is at 

to have peak valv^aar q curTe nt curve also shows the 

maximum. *?L fficicQ t 0 f coupling is increased beyond the 

double humps as the coefficient oi^ ^ ^ lhc ^pimg 

critical value, the peaks being p oifjr—O’Ol) that when the 

is increased It flt-ft. *** 

coefficient of coupling equa. function of frequency has 

<»“- «**>« re "““‘ 

"“‘ZL = *•« ‘' h ' 

ur\i z X t 

reflected reactance in primary- 

SSiATaa^-^ -— ‘ >,pri “‘ ry 

equa! to ^ ^ 

A t resonant frequency /„. reactance become, zero, that is 

aW 1 


X\ 


=0. 


»'W=Wi t 

=( uLl ~l^Ci} ( 

*=<JL-\U ~ o^LjCj) ( 1 ‘“«o , i»C,)’ 
M}=UU "^C,) ( 1 - a>*£,C,) 

Since K»=-^r - above equation ““ ** “ 

Lil>« 
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<tf 0 S = O) 8 (l±K) 
/•*=/* (1 ±K) 
, /# 


V(i±*)~ 1+ £. 

-2 


approximately. 


Above relation shows two frequencies one less and other 
greater than the resonant frequency i e. 

r _ /o r _ f 


Ji— p* t 

'4 


> 4 ' 


We have seen from curves for secondary and primary currents 
that the double hump occurs at frequencies slightly less and 
greater than resonant frequency. The width of passband can be 
shown to be eaual to 

/.-/.=/. (i-f)"-/. (i+f )'=/.*, 

since 

From above equation it is obvious that width of passband 
depends upon coefficient of coupling and varies inversely as 0 
value of the circuits. • * 

2 14. FIDELITY OF RECEIVERS : 

In order to obtain high 
fidelity and high selectivity 
the ideal response curve A 
should have a flat top and 
straight sides. An appioach 
to this ideal condition is made [o 
by using two resonant circuits 2 
tuned to the same frequency ? 
and coupled to each other. 8 
The circuit is called a band- * 
oass amplifier and used as 
an intermediate frequency 

amplifier in super-heterodyne ntuuENCy —*• 

receiver. Fi» d*. n^n..... * .. 


RESPONSE CURVE 
.OFANAMPL/F/E/t 
rweb 

* ** ciKcurr 

Rispom 
curve 


Warn 

IK 


RESPONSE 

CURVE OF 


—-... —j/w.-uwivivu/uc Rft£QO£HCY - » 

reeeiver - F *«- R«poo« curve of amplifier 

tk , r wilh tunned circuit. 

n oft?! S •• of ^ sides of thc response curve will vary with th* 
Q of the circuit. Increasing the value of Q will lhe 

steeper and provide greater attenuation of the signalTof freon UrVe 
outs.de desired band. Thus high Q circuit has better «i.l? q “ cles 
sufficient ability to discriminate U ‘ 

mediate frequency circuits, where high fidelity tn®-. S>In "! ,er ' 
major importance, overcoupling is frequently m.a, r “ ponse >s of 
nose of the curve by doub,e P ptLing.*%££££ 
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upper side bands due to higher (audio frequency) modulating fre¬ 
quencies. For most purposes, the best bandpass characteristic is 
that which corresponds to a coefficient of coupling equal to the 
critical value (K=Kc). 

Example. To calculate the Q of the tuned circuits when the 
bandwidth between point of the curve (fig. 24), where gain equals 
the gain at resooant frequency one megacycles is 20 kc/s. 

It can be shown that the relation for the bandwidth between 
points on the curve where gain equals the gain at centre frequency 


is 


(4AV 


= \/ 2 -( 4 f )•**\dory t*rr*u ptoU 

K 

U fo 


Wo- 


=V2 «■- 


Q Qtftutiu 


where 


Qff/$eUtt z 


Q_ 


Therefore 


10 * 


=50 


and 


20 . 10 * 

Qeifuti^V 2 (?•//••*/»•= 50 \/ 2 = 70 ' 5 . 

NUMERICAL EXAMPLES 

1 . A series circuit contains an Inductance of one henry , a capa • 
citance of 16 5 microfarads and a resistance of 120 ohms. An alter¬ 
nating e.m ./. of 100 volts . 50 cycles is applied to the circuit. Find 
the value of current and the phase difference between the impressed 
voltage and current. 

The imdedance of the scries circuit is given by 


■H--±rr 

[(U0,‘+{2 B x50xI- &7 g^ 5 }7 

:U120)*+(314-194)T* 


n 


168 ohms. 


Current /=- 


J™ =0 « amperes. 


The phase difference 6 is given by 

ojL -lfeC„ ten -i '20 45 * 


(5 


° ,an ‘- r -- 120 

e applied voltage is ahead of current by 45 s . 


X) Find the resonant frequency of a circuit containing an 
indmance of 2 henrys and a capacitance of 8pF. 

We know that f=^fLC) 

1 

- 6 ' 28 V (2 X 8 X l°-*j 
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1 

"6 28x4x10-* 

"CKk'-®- 8 ^ 

3. Find the resonant frequency of a circuit containing an induc¬ 
tance of 200vH and a capacitance of 500 ppF’ 

300/itf=300 x 10"*#=3 X \0r l H 
500/i/iF=500x 10- 11 farad=5xlO" 10 farad 
f 1 
J ZnV(LC) 

_1_ 

"6-2»v^x5xi0- 4 x ur«) 

1 

“ = 6*25XlO- 7 x3 8 
1 

* 24-35x10“’ 

/ *=412000 c/s. 

-A) A series LCR circuit has 1=100 micro-henrys, C -100 
microfarad and /?=0*1 ohms. r ind the resonant frequency 

and the temperature of the circuit at this frequency.(A voltage of 5 
millivolts at the resonant frequency is applied to the Circuit. Deter¬ 
mine the resulting voltage across L. What is the impedance of the 
series circuit at a frequency less than the resonant frequency 
by 5000 cycles ? 

Given L=* 100.10“* henry, C=100.10” lt farad, /?=0* 1 ohms, 
K=5.10-* volts. 

The resonant frequency of a series circuit is 
, 1 1 _ ,0? 

/o=s 5^7CLC) = 2*V(100.10-« I00.f0-W)“2n 

=159.10* c/s. 

Impedance at resonant frequency in series LCR circuit is purely 
resistive i.e. 

Impedance at resonance=/?**0T omhs. 

V 

Now the current at resonant frequency = - amp. 

A 

5J0-* 

fc o*oi" 

=•05 amp 

Therefore, voltage across L—I. 10 L 

=•05.2*/ 0 I 

=•05.2^.12-’. 100.10-' 

= 50 volts. 


Resonant Circuits ^ 

Now impedance of series LRC circuit at any frequency is 

= J59.10*—0'5.10*=158 5.I0 4 c/s. 

... z=y{C,)*+(2it. 158-5.10.100.10-* 

It.. 158"5.10* 100.10-“) ( 

=V{-°i+( 3i7 —S} 

VM 9954 -*^ 

=V( 01 +92-16} 

=9 601 ohms. 

EXERCISES AND PROBLEMS 

i ss—«- - 

quency is changed from the resonant frequency 7 
i What is the effect on the resonant frequency of the circuit by . 

(o) doubling the inductance, (6) halving the capacitance, (c) doubhng tb. 

capacitance and on o,e same .sis, the effect 

4. Show by drawing f ■ resonant circuit. Wbat is the effect 

4 Wh. T. e tat on impedance of tuning a parallel circuit to resonance ? 
parallel 

S? what isThe resonant frequency of a circuit centring an inductance of 6 

„ SS’ii'SSS' I- «*•"»■ ■ jf— ■ * MI 

cult. A vanawe cap ^ jf ukJ 10 adjus , lhe resonjnee frequ- 
maximum capacitan f fiMd ‘^ uctanc4 should be used .» make 530 kc 
ency. (a) Whal vai fr^miencv ? (6) UsJog the value of induc- 

the lowest °biaiMb e re Q frcqvjcncy ra oge of the circuit ? 

lanC€ obu.ned «^^pressed e. m. f.«=440V. 1-5 »H. As .ho 
12 ‘ oper,Tn« ^»cy is 'varied, the maximum current is found to be 5 amp. 
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and with this current, the voltage drop across L exceeds that across R by 
a factor of 10. What Is the resonant frequency of the circuit ? 

13. Two identical inductors, each having an effective resistance of 10 ohms 
and a 0 of 18*72 at an operating frequency of 1000 cycles, have a coeffi 
cient of coupling of 0 2 between them. What is the value of the mutual 
impedance ? 


14. A coil of inductaoce 5 mH and resistance 50 ohms is joined in parallel 
with a capacitor of 500^F. These two together are joined in series 
with a non-inductive resistor of 50,000 ohms to a source of alternating 
p. d. of magnitude 1 V. and frequency 100 kc/s. Calculate the p d bet¬ 
ween the terminals of the capacitor. 

15. An alternating volt.geof 100 V (r. m i) .t 50 cyclei/^c. i, applied lo a 
circuit consisting of a capacitor of :„Fin parallel with a coil having an 
inductance of 5H and a resistance of 100 ohms. What will the amplitude 

CU " eD ' ,hr ° UBh ,hc iod “*°r and the amplitude and 
phase of »he current taken from the mains ? 

16. A circuit consist of a resistance * in parallel with a coil having an indu- 
ctance /. and resistance r; ,n series with the combination is a capacitance 

V0l ' as ; ,ptlM 10 ,he circuit in which 
i nir. L -0 08 H, r= 001 ohms and ^=-250 ohms. 

If the current in the inductive resistance is 10 mA when the angular fre- 

rrlrmhlZr" 000 de, " mi0 ' ^ means of a vector 

(a) the current in R, 

(/>) the total current supplied, 

(c) the total power dissipated io the circuit and 

(d) the voltage applied across the circuit. 


3 


FOUR TERMINAL NETWORKS 

AND 

NETWORK THEOREMS 


3 0. FOUR TERMINAL NETWORKS : 

A four terminal network is provided with two pairs of termi¬ 
nals one of which, for reference, is termed as input while other as 
output. The associated electrical quantities at the two pairs of 
terminals are the voltages E x and £„ and the currents l x and L. 
Their reference direction is shown in fig. (1). With the change of 
these pairs, signs of some of the associated terms are changed. 


At any frequency, the 
properties of a lour termi¬ 
nal network can be expres¬ 
sed in terras of any three 
independent propei tics of 
the network. These inde¬ 
pendent constants can be 
defined as: 


r -►/'; 


i —-h 2 

1 

■ 

* 

NETWORK 

-^ 

: 

>— 

t 


r * 


WPUT OUTPUT 


Fig 


( i ) image impedances and image transfer constant. 

(in open and short circuited impedances, and 

(Hi) iterative impedances and iterative transfer constant. 

We shall deal with all these constants in further articles. 

Let Z u be the impedance between the input terminals without 
any consideration to output terminals effect then : 


Zn= £i t when 7,-0 terminals 2-2 are open circuited. 

A 

Similarly, the impedance Z„ between output terminals will be 


Ztt= A when /,=0 i.e. t terminals 1-1 are open circuited. 

7a 

But if we consider a sort of coupling between input and ou'- 
put, which of course is the case, then one should think about 
mutual impedances or transfer impedances too i.e. f 


when l x 


0 called the transfer impedance with 1-1 

open circuited. 
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£ 

and Z tl =j* t when /,=0 called the transfer impedance with 2-2 

M 

open-circuited. 

Thus the voltage and current relations can be put in the form 
Z\Ji+Z n I 2 =E l 
and Z 2 i/ 1 +Z 2 |/ a =£ 2 . 

Expressing in matrix form, 


or 


m ~ 

A n A u 
A*t A n 
In the latter matt 



I, 

l, 

Ei 

h 


f 


, called Z matrix 
, called T-matrix 
, called ^-matrix. 




it is quite easy to see that 
Zn 

Z* 


A _7 ZuXZu 

A U-Z.i -, 

^"5 ,nd A "=b 

Image Parameters-If internal impedance Z 9 of generators 
between input terminals is lelated to the load impedance Zt bet¬ 
ween output terminals such that the impedance looking into the 
network from terminals 1-1 with the load connected equal to the 
generator impedance, and similarly the impedance looking into 
the network from terminal 2-2 with the generator connecied equals 
the load impidance, then the network is said to be operated under 
image-impedance conditions. The generator and load impcJance 
required to produce this condition are properties of the network, 
termed as image impedances, which in this case can be designated 

fi S and thc ,n P ul terminals respectively 

Dg- (2). 



--- ...M/tuantcs oi a tour terminal network 

Z ;i and Zi, are two impedances such that, if end 1 of the network 
is terminated in Z/,, then the impedance measured at end 2 is 7 
and vice v*rsa. u A ,s 
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To find a relation in image and linear parameters, we proceed 
as follows : 

Let the output terminals be 
terminated in Zj* fig- 0)* Then 
E t =Zi% /*» 

Ey^Zii Iv 

We know that 

AiiEi+At t li—Ei 9 

A xl Et+Ault** 

Putting value of E t and E x in (1) and (2), we ge 

Zn /i=(^uZ/t+^it) ft 

and /^(JtiZit+Att) I* 

Dividing both, 

AuZi t +A IS 


...(1) 
.. ( 2 ) 


**11—<» “ 
A a Z,.+An- 


•(3) 



Let the terminals 1-1 be terminated in Z,„ fig. (4), then 

£i'—Z/i Ii\ 

e;=Zm it- 


We know that 


i.e 

and 


and 


it 

a u e;- a „i, -£i , 

AtiE% — A n l 

Putting value of £,' and in above equat.on, we ge. 

Znli^AuZnjt -*«*/* 

—lx*=A u Zi t l t —A v Jt * 


(4) 

(5) 


Dividing both 


A xx Zit—Au_ 
Zl *~-A^H+An 


( 6 ) 
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Therefore from equations (3) and (6), we get 

AiZ/fMn A n Zit—Ay 9 
. A tiZit+A u AxtZit+Ait 

or ~ m ^uAt\Z t i t +A ll A ti Zi t +A lt j4 tt —Ai t A n Zj t 

msA iiAtiZ lt *-AuA tl Zi t +A ll A ll Z lt -A lt A %t 

4nA il Z/ i t =A ls A t t 

Ait A ji 


a u •••( 7 ) 

Similarly it can be found from equations (3) or (4) that 
t_ ^u*4n 

A,,A *• ‘ ...( 8 ) 


Zi,- 


HMg 

y =i log, |j/‘ or e t, =£j t 

Putting values off, and /, from equations’(i) and (2), we get 
A n I i )(AnE t + A n h) 

_ (a,,z„ /,+2,./. 

■=[Au+A»IZ lt ) (A n Z,,+A„). 

But we have shown that 

z ' a= i4l’ 

1 


Also *“*= 


or 


V(A n A 22 ) ^*v/(/4, 2 ^ 2| ) 

e- y = 

A nA 22 -A l 3 A 2l • 


But 
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e'—e^' 

Therefore sinh 7=—«—=V(^is^n)» 


cosh y 


2 

« y +e' r 

: “2“ 






-.(9) 


Tte expression for tanh 7 and image impedances can also be 
obtained in terms of open or short circuit driving-point impedances 

at ea £f a,r z ?fJ e I npu t ^mpedance at end 1 with terminals at end 2 

open circuited. . . . 

Z 0 ,=Input impedance at end 2 with the terminals at 

end 1 open-circuited. . . . > ^ 

Zn=Input impedance at end 1 with terminals at end 2 

short circuited .. , 

Z rt = Input impedance at end 2 with the terminals at 

end 1 short-circuited. 

We have seen that 

! x=A t \E t +A tl l v 

Now when end 2 is open, /*=0. 

. 7 —dl! 

and when end 1 is open, /i=0, 

Also when end 2 is shorted, £,=0. 

_£i 

2,1 A “V 

and when end 1 is shorted, £i=0» 

~ £t _ 

- Zn “l-/t)"V 

The expressions for image impedances are then-as 

**■£4 1 

*2^|X Z n 

7 * —dl a v — 

and Zl, '4„ A u L ...(10) 

=Z 0 ,xZ„ 

A\2 A tl Zn \ 

Also tanh«y=^x^- z , i , 


Also 


~r ± 'A a 


: Z M J 



46 


Hand Book of Electronics 


It is now quite simple to express every l A' parameter in terms 
of two image impedances Z\ x and Z/„ and the image, transfer 
constant y as discussed below : 

We have shown previously, 

sinh* y=A u A 2l , cosh 1 y=A n A n 


and 




Hence 


Zii A u 
Zit~~ An 


or 


'■‘-“"’■•Vd) 


and 


or 


AM ^=cosh* r p 

An <Wl 


=cosh y 


V(l) 


and 


Similarly, V^ia^ilx^sinh 1 7xZ n Z, t 

An 

i4 u =sinh y V(Z/i ZiJ 
. sinh y 

V(Z tl z l2 y 

Thus 'A' matrix of the network can be written as 

a 

Wl) 

sinh y 


V{Zii Z, } ) 

Now for an example, 
we shall calculate the image 
impedance and image transfer 
constant y of I-section as 
shown in figure (5). 

It is obvious that 

2 01 =JZ 1 +2Z a , 

z n =\z lt 

Z^y/W^WZ?) 

Z* t =iz 2 , 

7 _}Z 1 X2Z ? 

12 $Z l +2Z a 


sinh yy/(Z,i Z /a ) 

C 0 Hk) 


m 


...(H) 


2Z, 


2 

~Q 


Fig. 5. 
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and 


or 


or 


Z/,=V(Z«X Z **)-/(JZH-2Z, )- vtZA+iZ,*) 

*7 17 


cosh* 


tanh* y — Z, ‘ 

tonh zTr K+2Z, 

coth a y=l+^ s 
4Zj 


sinh* y 

1 


4Z, 


Zi 


sinh a y Z, 
sinh« y= 


or 


cosh 2y=l+2 sinh* y=1+^- 
2r=cosh _1 ^ 1 + ) • 


=icosh-.(l +2 5-V 


Since cosh' 1 x=log [x+V(**-l)l. we can have 
V =1 l0 « ( 1+ S) + y ( 1+ S _ ) “'}] 

=i'°g ( 1+ irW l+te)}]- - (,2) 

Iterative ^o^ec^ & » 

iiilssssi 

then'thiTnetworlfissaid to be operating unde? iterative impedance 
£ Th«e two impedance are designated as Z, and Z* res¬ 
pectively and are the propert.es ot network. 

Thus the iterative unpe- . 
dance of a network is that impe¬ 
dance which, when connected to 
one pair of terminals produces 
a like impedance at the other 
pair of terminals. 


Let the second pair be ter- 
minated in Z*. The impedance 
at 1 is Z,r provided 11 >s the 
iterative impedance there. Now 



Fig. 6. 


c IUWIVi 

7 7 Z»x(Zg-f Z,g) /f rom f)g. 6.) 

Zl * =Za+ Z 8 +Z,+Zix 
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or Z l rZ 3 +Z 1 rZ l +Z; r =Z 1 Z,+Z 1 Z 3 +Z 1 Z 1 r+Z 1 Z s -f-Z 3 Z lj r 

or L . « . z i*+ z «* (Z2-Zi)-(Z I Z l +Z l Z 3 +Z 3 Z 1 )=0, 

which is a quadratic equation in Z x k and therefore the roots of the 

equation are 

Z i *= { -^f^±W[(Z,-Z l )'+4 (Z,Z,+Z,Zj+Z,Z,)]. ...(13) 

Now to calculate Z,r, let the terminal I be terminated in Z tK 
and the impedance at 2 is Z lK% provided it is iterative impedance 
there. Therefore 


7 -7 , z i (Zt+Zu) 

z,r Z ’ + ZTfZ 3 +Z tr 


Solving and arranging in quadratic form Z 2JC , we get 


Z.r = 


(ft-Z.) 
2 


±}v'[(Z*-Z 1 )*+4 (ZA+ZiZ i +Z l Z 1 )]. ...(14) 


Equations (13) and (14) for iterative impedances show that 
there arc two values for each iterative impedance but practically 
there may be only one value. J 

The third property necessary to specify completely the net¬ 
work characteristic is iterative transfer constant p and is defined 
by the equation 



where I t and /, are the input and output currents of the network 
respectively, when operated under iterative conditions. Iterative 
transfer constant is the same for cither direction of transmission. 

For L section (fig. 7), the 
iterative transfer constant is 
given by the relation 

g p-A Z»4-Z,g 
/. “ Z> 

= 1 +^-. ...( 15 ) 



31, IMPEDANCE MATCHING : F ' 8 ' ? ‘ 

Two impedances are said to be matched when thev have the 
same magnitude and the same phase angle. For example in fie 8 
load impedance Z t is said to be matched to the generator impe¬ 
dance Z, if both possess the same magnitude and same phase angk 
However, if Z L and Z, 
are not matched then to 
secure matching, a net- 
work having Z,,=Z, and 
Z/i=Zt but with zero 
attenuation, is inserted 
between generator and 
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load. Due to this insertion, generator sees a lo 2 d impedance 
Zj —Z 9 and load takes power from a source of internal impedance 
Zj t c=Zl, i e. matching is on image impedance basis. The ratio 
load current without matching 
load current with matching 

is termed as mismatching factor, reflection or transition factor and 
is denoted by k. Mismatching results in the loss of load current. 
In decibels, it can be expressed as : 

mismatching in db=2 0 1og So (1/A:). 

Matching, when the generator impedance is resistive, leads to 
the condition at which the power delivered by the generator to the 
load is maximum while mismatching to the loss of load power. 
Under certain conditions, when the generator impedance has re¬ 
active component, mismatching results in an increase in the load 
current. 


3-2. INSERTION LOSS : 

When a network is inserted between generator impedance and 
load impedance, loss in output current is resulted. Thus this loss 
is expressed as the ratio of current in the load impedance when 
he network is present to the load current in the absence of net¬ 
work This is called insertion loss. We shall obtain an expression 

for this loss. 

Let us consider a four terminal network connected between a 



load impedance Z t ana a “"r* 

{?}-{,:: Ml 

Here E ' =e rJ' Z " 

M — . fit> 

o.r a. 1 1.» “ & 

where/.is the ^ rreM obvious , ha t when network is 

circuit i, (2.+Z0 »■- «*•* 

is e, hence 
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It 


Z 9 -\-Zl 

Thus our problem is now to calculate 7 2 in terms of image 
impedance Z, v Z/„ image transfer constant y, Z g and Zf 
From matrix, 

I l =A 2] E 2 +A 2 2lt 
= (^2lZL + ^22) If 
after subtraction the value of 
And 

or ^ii/*Zt+>V*=*-'iZ„ 

(A n Zi-\-A lt ) l 2 =e—l{Z v 
Now putting the value of I lt 

(d n Zii-A J2 ) I t =e—(A n Zi+A n ) I 2 Z 9 . 

j^=4 li +A u ZL+A il Z L Zg+A n Zg. 

We shall substitute the values of *A' parameters in terms of 
image parameters and image transfer constant y. 

The ‘ a ’ matrix is 


J^n ^i 2 l 

14 4J 


cosh Y J (zr)' siDh z, ‘) 

coshy y(|;-) 


c L . . - V(Z;, z,,)' 

Substituting the values of A u , A,.. A a , A„, we get 

Ti “* inh y V(Z h z '. )+Zi cosh y J (§*• )+Z, cosh y ^/(l 5 -) 

7 8inh r 

+ZlZ ' z,.) 

or j-y/(Z, t Z,,) 

=sinh yfZijZ/.+ZtZ»]+cosh y [Z^Zt+Z.Z,,]. 

Putting sinh y= e — cos ^ y 
2fy / (Z, | Zi,) 
h 

-(e'-e- > ) fZ/, Zi t +ZtZ,]+(f’+« r ’) [Z,, Z t +Z B Z, a ] 

= £> [Z ( , Z, J+ Z i Z # +Z, 1 Z L +Z,Z, t ] 

~ e ' r l z '. 2/,+Z^-Z,, Zi—Z jZj, 
=^[Z, l +Z,] [Z, 2 +Z t ]-e-' (Z, t _Z,l [Z,,-Zil 

Pu„in 8 , »„ 

y 2 ’ * ^ Z/ 1 + z pH 2 i +2 z .][l-e" 2v p 1 pJ. 
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ey/VZnZ‘11 _ 5 - 

(Z,+Z t ) and 

X rr" ■^72 


*r 


Xe ‘ (l -e-'PiPt) 

V(4Z,Z,,j 
Z/, +Zi 

k.-TT+S ! '” d "’^^ S 


\/(4ZaZt) 

Puttiog 


or 


therefore p 


...( 1 ) 


/,=/,• nr-«- r -« 

... 

. w»l lfcl I VI 

Insertion loss in decibels=20 log,. | ! 

= -20 log,. | j|+2° l0 ^|^| +2 ° l ° gl0 ‘*7 

+8-686a+20 log,. 

+20 >»«.. I ^%rl + *"“““ te “ ““ 

I Z,- Zi, Zt—Zi. I ....(2) 

+20 log 10 \\-e- ■ z,+Zn' Zl+ZT, I 

Hs calS“Snal reflection factor between Z. and Z t . 

stattsawt. 

represent tbei nsernonj^ 
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Example. Design a network to m itch a 500 ohms generator to 
a 200 ohms load with the minimum loss . Calculate the loss. 

Since R x niust be greater than R it take . 

7?,=500 ohms, 

R 2 =200 ohms. 

Therefore, 

Z.«V{*i (Ri-Rt))r-V(5 00x300)=387 ohms, 

Z.=^ = »=258 oh m , 


Now 


Rx 500 

R~200 
2 R 

[LossU= ->-1+2 


=2x2-5-l+V{2'5 (2 5-1)} 
=5-l + 2V(3-75) 

=4+2.1 93=4+3-66 
=7 86. 

Loss in decibels 
= 10 log 10 [Loss]„,„ 

= 10 log l0 7-86 
= 10 x-8954=8-954. 

Network is shown in 
figure (10). 


Mb ')} 



Fig. 10. 


3 3. SUPERPOSITION THEOREM : 

sources, the current Tlowine ; contain j ng Impedances and energy 
currents that ort> J w anp e ^ ement * 5 the vector sum of the 
Seporatel > to flow in that element by each 




U (c) Two mesh nctworl 

™,h„, tea ..JJ Jg **J*h*= 

Fro ^= z . A+(Z,+Z,‘) f, •••!'> 

From equation (2), we have M *l 2 ) 

E 2 ~ {Z t -fZ,) / a =Z, /j or 7.=(^s+Z 8 ) 7 2 
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Substituting the value of A in equation (1), we have 
_ (Z!+Z 8 ) E t .(Za+ZJ^+ZQ / t 

z% ^ 

(Z^A (g iga+ZA+Z,Z 3 ) 7 t 

“ Z * Z| . . „ 

EjZt _i (Z t -f Z|) E t 

ZiZ.+Z.Z.+Z.Z, ZjZj-f-ZjZj-f-ZiZ, ...(a) 


/*=- 


Substituting the value of / 2 in equation (1), and solving it we 
get the value of /, which is given as 

. f (Zg-j-Zj) _ ZA _ 

1 Z^-f-ZgZs+ZiZi Z 1 Z 2 +Z t Z I + Z 1 Z l ...(b) 

Now considering the circuit of fig. 11 (b), we have the mesh 
equotions V+ Z 2 /.' ... (3) 

0 =z, /,'+(Z 2 +Z,) /,'. ...(4) 

Solving equations (3) and (4) we have 
r> ~Z» - 

4 “(Z.Z.+ZjZ.+Z.Z.) ...(C) 


, < (Z,4~Z a ) £i 

'> “(Z,Z 2 +Z J Z 1 +Z,Z,)- 


...(d) 


Referring to circuit of fig. 11 (c), the mesh equations are 

0=(Zi+Z,) V+Zj A' •• (5) 

£ > =Z,/ l *+(Z 1 +Z l ) /,' .. (6) 

Solving these equations, we have 
f . (Z,+Z.) f 2 

* za+ZA+ZA * •••( e ) 

-Z,E t 

1 ZiZ 2 +Z 2 Z 2 +Z 2 Zj —(f) 

From equations (a), (b), (c), (d), (e), and (f), we have 

and A*A'+A' 

This proves the theorem. Now we shall prove this theorem in 

case of a number of meshes. 

General Case : .... 

In anv linear network containing linear impedances and several 
,L voltage ac'oss or the current through any impedance may 
be calculated by adding algebraically all the individual voltages or 
currents caused by each source acting alone, with all other voltage 
sources replaced by short circuits and all other current sources repla■ 
ced by open circuits. 
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By the term, •linear network’ we mean that current in all 
branches is directly proportional to the driving voltage or e. m f. 

impressed. . . , ... „ 

Consider a linear network containing p-meshes with voltage 
sources £u, £«, E pp and impedances Z u , Z Zi ...Z pp in 1st, II nd,... 
plh mesh respectively. The voltage law equations can be written 
as: 

for first mesh: 

Zu Ii+Z u I t +Z lt I 9 -\‘...+R Vi Im+..- +Z lp /p=£i 1 , 
where Z u is the self impedance for first mesh and Z ia is the mutual 
impedance of meshes first and second. Similarly, the voltage law 
equations for rest meshes can be written as 

Z U I\+Z it I t +Zjj/j+...+Z j m / m -|-...+Z 2 p/>= E n 

Z 3l /i-fZ M / a +Z n /s+...+Z3 m /m-f ..•+2jp/p=£ n 


Zpi/i+Z w / l +Zp J /,+...+Zp m / m +...+Zpp/p=£: 


pp 


The above voltage law equations can be easily solved with the 
help of famous Cramer’s rute. Let 7 m be the loop current flowing 
in mesh m, then /„ can be calculated by Cramer’s rule as follows : 
Zn Z u ...£ u Z l9 


Im- 


z* Z M .. E u Z lp 


Z P i Z M ...£pp...Zpp 
Zjx Z lt ..Z lm ...Z„ 
Z n Z u .. Zj* Z if 


••• 


where, 


Z* Zm, Z„ 
C K .=(- !)"♦• M mn 


£ 2 t+.-4C pw £ p p 

J 


Mmn is the determinant which is left by removing and 
column from d and d is the pure impedance determinant 


Z n Z 21 ...Z ln +Z 
Zn Z 22 ...Z 2m ...Z : 


ip 

2P 


Zp, z t 


So 

or 

where 


j —*»i -'P2-*-Zp m ...Zppl 

^ m= J | ^l*» ^ll+Qm ^2+ —+ ^pm £pp 1 

*«•=* E n +b £„+c £ n +.. J 


C, m . 

— j* 6=-^ and so on. 


.. TJ 118 /" is the totaHoop current flowing in #w» mesh due to 
proved^ CUrrcnlS and hence lhe su P er P°sition theorem has been 


.houid N te,ii" t? Sm " 8 ,he volia8e S0urces ' lheir taped.’SS 1 
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Advantages: ..... 

(1) This theorem permits the solution of networks without 
setting up a large number of simultaneous equations because at a 
time one generator is used. 

(2) If the new generators are introdjtced into the system, it 
is not necessary to solve the network from begining provided the 
internal impedances of the generators are zero. 

(3) If voltage of different frequencies are introduced this 
theorem permits a solution to be obtained for each individual 
frequency. As these solutions are independent of each other, the 
currents of each frequency flow as if the other frequencies were 

a ^ )S (^robUm^) Use the superposition theorem to find the current 
i, in hlWlCh"Kno the following circuit. 

According to the superposition theorem first we shall calculate 
the current /. due to voltage source \0V by short circuiting the 5 k 
source, then branches 
• cd and cewill be para- a | 
llel to each other and I 
in series with ac 
branch; so total resis¬ 
tance is given as 

*ri-2+rF3 

ohms. Fjg 12 _ 

So the current generated by 10 K source is 
10 40 

/,= TI/4 

40 3 30 

Henee (*.= n X 4 = H amp ’ 

Now we shall calculate the current due to SV source by short 

CitCU \Ve see^tha* branches cd and cc are parallel with each other 
and are in series with ee branoh. 



: tv amp. 


So. 


*r«= 3 +2+i -3+ 3 3 


So the current genemed^by 5 V source is 

/,= iT/3 = n 
15 2 10 


Hence 


So 


im 


fx -=n x 3 “n 

. 30 W = 40 =3 64 amp. 

■/*,+«*•*-jjT„ ii 
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Problem 2. Use the superposition theorem to find the current 
\ x in branch ce in the following circnit. 

The same procedure 
will be adopted here for 
calculating i x as we have 
applied in first problem 
with a difference that 
here we open circuit the 
current sources. 

First open circuit 
10 amp. source, then 
branches ce and ef will 



Fig. 13. 


So 

ef 


be in series with each other and in parallel with branch cd 
current 5 amp. will be divided at node c in cd and at t in 
branches. Applying the current division law at c, we have 

i = __/ _ 5x2 10 

" ' Xi_ 2+r+3 = r 

/ - 10 

.. /*,- 6 

Now open circuit 5 amp. source and calculate current ix due 
to 10 amp. source. We apply the current division law at e, we hav 


So 


ix,- 


i. 


10x3 30 

'2+l+3“6 • 


3*33 amp. 


shown r i°n b £e-,? ,C,,,i,e CDrrent in branch network 
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So 




3 , 69+j0 , 462 ohms. 


= l-5+;0-5 ohms. 

2^0 =Z/44+Z oa = 1 +j5 +2 —78 +1*5 +/0* 5 
=4*5—y'2-5 ohms. 

50 Z. 0° 50 (cos 30+/ sin 30) 

4*5—/2*5” 4*5-72*5 

= 5 + 7'8 34 amperes. 

So current in branch c 6 due to £ P1 is given as 
, (S+/8-34)(l-S+j0-5) 

'*• - Z* “ 1+>3+1-73 

(5+78-34) (I 5+jO'i) 

2 

/ e6 , =l-6t)+>7'50 amperes. 

Now assume f«=0 

7 (3 -731(2 +74) 

*'“Z M ,+Z - ~(3—>3+2+;«) 

Z 4 / =Z^+Z.,=1 +>3+1 —j’3+3 , 69+j'0’462 
=5 69+70-462 ohms. 

100 / 0 ° 100 (cosO+sin 0) 

7 “* “*d- o v+;0 - 462 = 5-69+>0 462 

1 °° + A t = 17 43-jl 417 amps. 
“569+70462 

So i +/m* = 4#, + 

= — 1*76—77-50+-I7 43—yl-417 

/^•=15-77-;'8-917 amps. 

3 4. RECIPROCITY THEOREM : 

In any passive linear bilateral network containing bilateral linear 
impedances and sources of e.m.f the ratio of a voltage E introduced 
in one mesh to the current I in any other mesh Is the same as the 
ratio obtained if the positions of E und / arc interchanged, other 
e.m. fs. being removed. 

In other words , the interchange of an ideal current source and 
an ideal voltage source in passive linear bilateral circuit will not 
change the voltmeter and ammeter readings. 

Or 

In any linear network , if a source of e.m. f E located in one 
m°sh produces a current I t in second mesh . then if the same source 
E is placed in the second mesh and it produces a current l x in first 
mesh , we have /*=/,'. _ 


•If it is asked to write \ bt in terms of angle we can write as 

— 8 917 

/ 6c=V '[( 15-77)*+8 9I7)*J tan 
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Bv the term passive network we mean, the networks which do 
not contain any internal e. m. fs. whereas network containing 
sources of e.m.fs* are called active networks. Bilateral elements are 
those circuit elements like inductance, resistance, and capacitance 
which transmit current equally well in either ^direction whereas 
unilateral elements are those circuit elements like rectifiers and 
vacuum tubes which transmit effectively only in one direction. 

Consider the circuit shown in fig. 15. 

Let us calculate the value of j- with the 

- *% 

help of Kirchoffs law. 

Applying this law we have 
B-fr+K) h-ZJL% ...( 1 ) 

0=-Z 8 / l +(Z t +Z l ) /,. ...(2) 




z,+z, 

£ l 


-z. 

0 1 

*1 — 

1 A+Z, 

-Z, 


1 -z, 

Z,+Z, 


ZyE 


Z % E 


(Z^ZaXZ, +Za-Z t *“ZA+ ZA+Z& 
Z&+Z Z,+ Z,Z a 


•• It Z, 

Now let the position of the battery 
be changed and the circuit be as shown 
in figure 16. Applying KirchofTs law, 
we have 

EHZ 2 +Z 3 ) '-ZJ{ ...(3) 

0«=—Z a / t '+(Zi+Z,) 7 X ' ...(4) 

Solving equations (3) and (4), we get 





/.'= 


(Z,+Z,) 

-Z, 


Fig. 16. 


E 

0 


(Z,+Z s ) —Zj " 

-Z, (Z,+Z s ) 

- -__ Z,E 

h'~ 2, 


•••(*) 


A. the right hand side ol equations ( a ) and (6) are equal, hen* 

t E 
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This proves the reciprocity theorem. Now we shall consider 
the general case. 

General Case: t . . 

Consider a linear network containing p meshes with vo age 
sources E,„ £«••£»* and impedances Z a ,Z„...Z„ in 1 st, Una, 
pth mesh respectively. The voltage law can be written as. 

For 1st mesh Z ll l 1 +Z l ,l,+...+Z lx l,+...+ZJ,-t* 

For Ilnd mesh Z n l 1 +Z a I,+...+Z u l.+-+Zt f h~ t n 

. 

For x mesh Z.J 1 +Z xt I,+..AZ,J,+-+2, r l^E I . 

. 

For p mesh Z n h+Z„I,+ +Z pi /,+...+Z»/r=^»- 

The above set of equations can be solved with'he 
Cramer's rule and the current /, flowing in x mesh can be given 

*+- + TT i -+“ + T 

where C„. and A are the same as stated in supeiposition theorem. 

Now let all emfs except the emf Emm in the n<* “* s £’ 
and due to this E mm the current /. flowing in n mesh is given by 

- Z' /V I „ 


C\n /v . Cf» - - C 


rtn 


/.=T 0+ T 0++ d 

• / ^ ,w,t r 


F + 0. 


...(5) 

Now let all emfs except the emf E„ m in the^rnesh are zero 
and due to this E„ the current l m flowing in m» mesh is given by 


••• 


...(6) 

...(7) 


It is obvious that sources are same 
I e E„m—E**=E. 

C„.=(-D" + "W»- 

Clearlv C„„=C„ m since 

Sow applying equations^?) and (8) to equations (5) and (6), 
we have /«=/.-/ 

Ervn E n » _ £_ 

Hence “7“—/ m ”/* 

sssssasissss 

Id be when this same voltage was applied at ef. 
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Let us first calculate the current in branch be due to E g = 100^'J 
inserted in ef branch. We find 

= Z obe Z ad ( 3-f-;4) (-;1Q) 

00 Zabc+Zj- 34-/4-710 


6-674-73-33 ohms. 


e 




2A 


ifl 






2 -a 


~/on. 


? 2 A 


2 n 


Fig. 17 


2 ffl -Z M +2 flc =2-724-6-674-73*33 
8-674-7 1*33 ohms. 

F '/# 

V„ 


100 fjO 


n-27-yi-732 amps., 


Z K 8-67+;i-33 
/„Z. e =(l 1'2 7 —yi'732) (6-67+;3-33) 
=81+;26 volts. 

, V.. 81+;26 

• Ac~7- 

Aik 


3 +]r = ,3 ' 8 8-;9-84 amps. 

' DSert ^ in braDcb ^ and <■/ remains as 
short circuited. The current in ef will be calculated as follows: 

2„,=3+y4+l-352+yi-8692=4-352+y2-108ohms. 

, 1004-/0 

Cfl/_ 4 3524-y2408 :=,8 ’ 6 “- ,9 0 2 am PS- 
^,*=(18*6-79 02) (1*352—71*892) 

=8*07—747*4 volts. 

. r __ 8*07—747*4 

'* 9f 2-72 ~ =3 ^3*88-79*84 amps. 

Thus we see that l„ fa exactly same as l tc . 

100 Io“ b !o"s 2 are 'inserted Toe “blanch finder" Pr ° blem '• if 
ad. Verify the result by calculating the J urrant in branch 

volts are inserted in branch ad fe when 10 ° Z0° 

Let us first calculate the current in hnnrh ^ a . „ 
inserted in branch ef. We have d due t0 ^=100/ 0° 
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z --S L t |-TWHr- i<7W “ oi “' 

Z ie =Zoa+Z fl c=2-;2+6-67+;3-33 
=8-67+;'l-33 ohms. 

*oc=IeoZa.= (11*27—7 1-732) (6 67+;* 3-33) 

= 81+; 26 volts. 

6+i *' 

Now insert 100 Z.0 volts in branch ad and short circuit the 
branch ef. 

In this case branches abc and aef are parallel with each other 
in series with ad branch. So that impedance can be given as 

Zr=Z.,+ Z *“ XZ “' 


So current 


Zobc + Zaef 

■[ 

■h 

34—/ 48 
‘ 5+7 2 • 


Applying the current division law at a t we get 

(100+/0) ..5+7'2^3+/_4 
/ ' , “'34-;4T X 1 X 5+; 2 

( 100 +/ 0 ) ( 3 +/*> 

-34-/48 

50 (3+/ 4) 117+/ 24) 

= U7-/24/(17+/24) 

50 (3 +/41 (17+/24) 

17‘+24* 

50 (-45+/140 ) 

= 8b5 

/,/=—2'6+/ 81 amps. 

Hence I,/=Iod- 

3 5. THEVENIN’S THEOREM : 

Any two terminal linear network containing H"?* impedances 
and generators can be replaced with an equivalent 
of a voltage source £' In series with an impedance 2 . The value oj 
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E' is the open circuit voltage between the terminals of the network, 
and T is the impedance measured between the terminals with an 
other generators being removed , (but not their internal impedances). 

Consider a two terminal network, containing one active mesh 
and other passive mesh. Let us also assume that load impedance 
Z R is appearing between two terminals as shown in fig. (l<to). 
Fig. (186) represents the Thevenin’s equivalent network. 



Fig. 18. 


In fig. (18a) I s and I R represent the loop currents flowing in 
active and passive network respectively. Our aim is to calculate 
£' and Z' from fig. (18a) and then|to show that it is equivalent to 
a circuit shown in fig. (186). 

Applying the voltage law equations in mesh 1 and mesh 2 
respectively, we have 

. Z»7s+Z. /s-Z, /*-E ...(1) 

and (Z 2 +Z3 +Za)/a-Z, / s =0. ...(2) 

The above two equations can be easily solved with the help of 
Cramer’s rule. The current I R flowing through load impedance Z R 
is given as 

z,+z, E 

_9_ EZ, _ 

. ,• h "IZ.+ZJ (z»+ z 3 +z„)-z = 


-2, _0_ 

Zi+Zj - z, 

-Z^+Z.+Z* 

EZ, 

Z.+Z, 


Zz+Z,+Zg — 


Z, 2 - 


EZ, EZ , 

or Ir= - 2,-j-Z, ___ Z,+Z, _ 

z.+z.+z.-^-z.+z.+m 

This is the value of load current. By inspection of fig. (18a) 
the open circuit vo.tagc at a, 6, terminals is 


z*+z R +- 


r - c lzh) 


' Z i+ Z *l ...(4) 

titVoii ,mp f ? dance of the *J etw °rk measured between a, 6 terminals 
with all emf s generators short circuited is 
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Z '~ Z » + Z 1 +Z,- -( 5 ) 

From equations (3), (4) and (5), it can be easily seen that 

£' 

Jr= Z'+Z r -( 6 ) 

Now from fig. (186). we see that 

1 r= Z'TZr- ~( 7 > 

Equations (6) and (7) are the same, hence theorem ^s been 
proved for networks containing one 0 f 8 S uper- 

lized to any number of generators by the J *“£ uit 

position theorem permitting each generator a 
to be considered separately. 

£' and Z' as given by equations (4) and. (5) are known as 
Thevenin’s components. / 

Problem 1. Find the open circoit voltage and Tbevenin rests- 
tance of the two terminal network shown in fig. (IV). 

Comparing fig. (19) with (18a) 
we have 

£c=100 V 
Zj=2Otf. Z 2 =0, 

Z,=30tf. 

Then by Thevenin compo¬ 
nents we have open circuited vol¬ 
tage as 

» ' 



100x30 

'20+30 


Fig. 19. 
=60K 


and 

*7' *7 i 

z = z ’ + zl+z, 


„ 30x20 30x20 

or 

Z =0+ 30+20 =— 50 

Hence 

E'=60V and Z'=12C. 


* Problem 2. Find the short circuit current and Thevenin resis¬ 
tance of the two terminal net work shown in fig. (20). 


As given in question, short 
circuit ai by connecting terminals 
ab with resistanceless wire, then 
applying current division law, we 
have 

8 8 

/ oe =g^x6=gX6=6 amps. 

This is the short circuit current. 


MMP. 



-WWW —• a ' 






Fig. 20. 
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Now for finding out Z\ make current source as open circuit 
then Z'=2+6=8 ohms. 

Hence short circuit current is 6 amps, 
and Z'=8 ohms. 


Problem 3. Obtain Thevenin’s equivalent circuit for the net¬ 
work shown in fig. 21a. 

Sol. We shall first calculate the open-circuited voltage bet¬ 
ween A and B as follows. 


The loop eq. for big closed 
mesh may be written as 
107+6/4-2/ 

=3 volt—3 volt=0 
or /=0 

Hence (i) current across 
1 Q resistor will also be zero 
and (ii) voltage drop (=rx/) 
across 6 Q resistor and along 
i Q resistor will evidently be 
zero. Therefore the voltage 
across A and B will be same as 


'OSl ,si 




Fig. 216 

Now if each battery is replaced by zero resistance, as requir¬ 
ed lor Thevenins equivalent circuit, then given circuit reduces to 
that shown in fig. 216 (A). In this, it is evident that \2Q resistor 
becomes short circuited and so becomes ineffective. Therefore the 
equivalent resistance across 4 and B may be computed as follows : 
10 and 2& resistor may be supposed as connected in series and 
6^, as in parallel with them. Hence effective resistance R ' of these 
will be as given by 

iP“iO+2 + l or *' = r = 4 

and further since 1 Q resistor may be taken as connected in series 
with this, hence total resistance across A and 5= 1+4=5 ohms. 

Therefore Thevenin’s equivalent circuit for given network may 
be shown as in fig. 216 (B). 3 
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Problem 4. Using Tbeveoin-s theorem, calculate the current in 
load R L in the given circuit (fig. W- 



Fig. 22B 


The loop equation is 
10/+5/=10 


Now we .taUc^ate the it TcSc^lL^nT iS 
voltage source ls r ' pl | Cl ^ ) 1 and 5 q resistances are parallel and 
A ^ H.L .he impedance Z' bei.ee. 

~ 

Voltage (10/3) Volt -_L_ am p. 

/L= Rcsistance ^U 40 / 3 )-^ 100 * ohm 34 . , # . 

p .. m 5 For the network shown in fig. (23), calculate 
current through load impedance Z„, using Thevenm's t 
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Let Ir be t|ie current flowing through Z K , given by 

, E' ' 

* Z'+Z, 

* hm 



Fig, 23 


r ,_ (100+)0)(-20)) (100+)0) (-) 20) 

J10-J20 " -) 10 

=(200+) 0) volts. 

-) 10+) 20=) 30 ohms. 

E' " 200+) 0 200 

* Z'+Z*-) 30+30+) 0"30+) 30 
/r=( 3*33-) 3*33) amps. 

/„=V{(3-33)*+(3-33)*} tan- 1 (— 

/*=4‘72 /.—5° amps. 


Problem 6 . Given the following network, find the impedance 
“o looking into the terminals ab, with the help of the Thevenin’s 
theorem and calculate also that the drop across ab is 150/.0° 
volts. Calculate ihe current in a load impedance Z L =10-j 7*5 ohms 
connected across ab. 



Fig. 24 
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For calculating the impedance Z 0 lookmg into ab, 

circuit the branch gh then -* 

(+/5—j'20)( jS) ohms 

Z «= 75 ^/ 20+75 ~j 1 ° 

Now Z^=j5+;5-j20=-;10 

(—;20)(—7IO) (-I20V-J10) 

So Zfd*=- ; 2 o-j\ 0 ~ ~ K-J*") 

= —j6‘66 ohms. 

£ 100-h/0 __ ;] s am p S . 


So /, 


a« 


—76*66 


So 




and 


Z/Jc# 

JiL x — )20=;10 amps. 

/.,= i^x-yi0=;5amps 

N„« vd-g. “““ ±«» > S 0 • 

100+JO±P xJiO 
= 100 +-50 
Ko*=150 Z.0*’ 

This Koi can also be calculated as 
K wf =-;20x;10=200 

“*^ o te , 

Vo> 


and 

i50+;o_ = !50+£ 

= j7-5+l0-7'7'5 *0 

= 15 Z.0® amp. 

36 ^5S'arsa?--sstf 

linear impedances and g ene '°*° - para iui with an admittance Y . 
circuit containing a current source! tnpa rtf terminals of 

The * off I, %•%'Xi'JZe'Zasu'ed M— * »»* 

the network , Z (fctJf nof their admittances). 

nals with all generators removed {but a Thevenin’s 

This theorem may be easily prove y ^ , oad impedance Zr 

equivalent network shown in fig-i-«^ b No w this Thevemn • 
is appearing between two tennin j nt0 a circuit containing 

equivalent circuit may be eaM y y appearing between two 

current source 1 in parallel wuu 
Sals a and b as shown m fig- <25fe). 
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The value of J R from fig. (23 a) is given by 

/ E ' E ' ' E ' Y ' Yr 
R z‘+z R - i_ , j_~r+r*' ...( 2 ) 

Y'^Y r 

where Y' and Y R are the reciprocal of 7! and Z* respectively, 
known as admittances. 



Fig. 25 (a) Fig. 25 (b) 

Applying the current division law in fig. (25-b); we have 
l'Y R 

* r+iy ... (2 ) 

The load current /*' can be made equal to I R . Then the com¬ 
parison of equations (1) and X2) gives 

F' 

r=E'Y'=%-; 

Z ...(3) 

Equation (3) clearly indicates that circuits (25a) and (25b) arc 
the same. The current V is the short circuit current of the The- 
yenin’s equivalent network of fig. (25b). Thus we observe that fig. 
(25b) is equivalent to fig. (25a) and fig. (25a) is equivalent to the 
original fig. (18a). 

7te we see that interchange of voltage and current sources with 
the help of Thevenin's and Norton's theorems give a method of circuit 
analysis. As described earlier , voltage source is removed from a 
circuit by short circuiting its e.m. f. whereas a current source is 
removed by opening its circuit. 

Problem 1. Concert the following linear network Thevcnin’s 
equivalent network and then into Norton’s equivalent network and 
show that power delivered to the load Rj. in both the cases is *atne. 



Fig. 26. 
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For converting .his ” 

have to find out the Thevenm s components gi 
EZ, 12x6 .2x6 
“ 9 


£'= 


and Z'=Z,+ 


Z.+Z, - 3+6 

z,z. 


’=& VOltS, 


7 , 3 X^ = 74-—=9 ohms. 
7+ 3+6 


Hence the Thevenin’s equivalent circuit is shown in fig. 27, and 
power delivered to the load is 




R l watts 


...(A) 


since Pl—PRl f 

Now applying the Norton s 

theorem in fig. (27), we have 

£» g 

.£ / r-2'* = 9 amps ’ 


f —WWW 




and 


r-JUj ° hms 


e4'(|) £ 





Fig. 2? 


Hence the Norton's equivalent circuit is s hown in fig. (25) . 

Now the power delivered to 
the load is calculated by appl¬ 
ying the current division law. 

The current through Y L is 
given by 

r 8 

/t= 9'!/9+Ti 



Fig. 28 


or 


or 


P l =(/ £ .)*x/?t=(W , 4 

„ /« Yl Y-L 

8 y Pi watts. 


^ waUS - -< B > 
From equations (A) and^ (B) we that .n both^the^ca^es 

&£ 5 e v ^ to the original 

0 - 6 y+ 0 - 8/+0 2/=24 i.e., /=15amp. 
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ivVOL 
0 2/1 
(INTERNAL 
RESIST, 


Fig 29. 

The voltage across AB is the same as voltage across CD, 

£'=voltage across CD=IS amp. x0-80= 12 Volt 
Now we shall calculate impedance Z' across AB. For this 
purpose the battery is removed but not its internal resistance. The 
circuit now becomes as shown in fig. 30. 

As viewed from points A and B, the resistors 0 20 and O'6 0 
are in series Their equivalent resistance is 08 0. The resistor 

?s giaenT ° 15 iD Para,,el - HeDCe e l uivaleQ ‘ 

1 1,1 1+12 

+S^r = -^-5-=^g l e. £=0 40 




i-d^^Ss+o^TF° ind " is in Hen -*• 

currMt^^oad^iX^en connecud^t ween 1 /IS^s given ^ 

r _ *2 Volt 12 Volt 30 

1 l'20+3'20 = 4 4 0' = U afllp ' 

cquivVfe'nt cS S W be foUn ? ftom Thevenin’s 

the terminals “ Lb \o^T ^ by Shortin * 

Iab =—12 Volt 
Resistance 


»n. *'*-*»• owauiX 

thn J^ S N ° t ‘ > “' s equivalent ci.mit is 
shown in fig. 31. 

When the load £ l=3 - 2 Q is 
connected across aP \T 5 
in the load is given by ’ CUrrent 

, 1-2 0 

L +20+T20 X10 am P- 
12 30 

^4-4=17 Mp ' 


10 amp. 




-iss rs=s ,= 

Thevenin’s »».»■£■> 

*'-Z 1 +4“ ;I0—y20 >1° 

£'=(200+j0) volts 

z,z, 

z '= z ‘+z^z. 

=7l°-t- -j. o_j20 
Z'=;10+;20=;30. 


...(A) 


or 

and 


...(B) 


«»//1( 


A9A • 

—'OowOO-•--1 

*' 

= z* § 




Now we will use Norton’s theorem for calculatmg the current 
/„ through'load impedance Z*. Current /* « given by 
. I'Y„ 


Y’+Yt 


and /' 


.£'1" and Y'*=j, 


Y' 


1 

~flO 


/•'V 

1 200 

r=(20o+/o)j^= ; . jy 

200 1 
ftb X 30+j30 200 

/ *= i— I 30.+./; 


30.+/30 

j35+30+J0 
/„=3‘33—^3*33 amps. 

,/ 3-33\ 

/„=v« 3-33)*+(3-3 3 )P> tan- 

Prob^^l^o^ 

lance of the two tmnmal“^JlSTdrcit, aJ Bad ‘he current 
the network into Norton s cq the ftwer delivered 

through load resistance Z*-2 ohms. 

to the load. resistance Z' can be calculated by short 

The Tbevenm s resistance ^ 


or 

or 

or 
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circuiting df branch. In that case cd and cf will be parallel to each 
other; and de %nd fe will be parallel to each other and both will 
be in series then 


T 


or Z' 


Red x Ref . RdgXR fg 

R*+Rc/ Rdt+Rf, 

3x7.1x9 


3+7 


l+" 
10*10 * 


ohms. 



Z»~2S) 


Now we have to calcu- 
late the open circuited vol¬ 
tage between terminals a and 
b. We see from fig. 33 that 
the voltage drop between ab Fig 33 

is same as at c and e points. The current generated from the source 
in each branch is voltage divided by the total resistance. 

if' |^= 10 amps. 

P.D. across tf =—30 volts 

P.D. across de= 10 volts. 

P.D. acioss ce= -20 volts. 

nr,,.S a i| U i a ff ng poteo,ial differecc ' across cf and/e wc would get 
potential difference across ce as —20 volts. £ 

£'=—20 volts and Z'=3 ohms. 

Now the circuit reduces into the Thevenin’s 
shown in fig. 34. 

Now we have to con¬ 
vert this network into 
Norton’s equivalent cir¬ 
cuits. For this let us find 
out /' and Y' and Y R 

y 1 , . 

Y a 2 < = J ohms. 

y r=Y~=\ ohms. 

r-rr—20xi 


equivalent as 


z' 

(HIMW1WJ 



•2 A 


*-Vamp. 

So the Norton’s circuit 
is as shown in fig. ( 35 ) 

Current through the load 
is given by 

I R ~JLl3 

Y'+Y K 

_W/3)x 1/2 

(i/3)+(i7iT 


Pig. 34. 



Fig, 35. 
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/*=- 10/3x6/5=-4 amp. 

This is in ba direction, hence current in afc direct l0 n is 4 amps. 
Therefore power delivered to the load is 1 Z* or 

P L = 16x2=32 watts. 

3-7. THE MAXIMUM POWER-TRANSFER THEOREM : 

*. ssjss 

“* um CO.,Met. two llnr network co..cc..d 

to a two terminal passive linear 
network. In fig. (36) Z« represents 
the equivalent impedance of a pas¬ 
sive linear network and the net¬ 
work at the left of a, b terminals 
represents the Thevenin’s equiva¬ 
lent active network. 

The impedance of the active 
network Z' is equal to the ohmic 
resistance R' plus the resistance X\ or 
i.e. Z'=R'+jX'. 

Similarly Zr**Rr+JXr 


| —wmm 




Fig. 36. 


...( 1 ) 

...( 2 ) 


We have to prove that Z' and Z* are conjugate to each other 
Zn=R'—jX'. -< 3 > 

' ' For this, we proceed as follows : let / be the current flow.ng 
in the network, then 

/ £ ' 


Z' + Z* 


or 


/= 


F 


\R' + R*)+j(X'+X R y 

The power delivered to the load is 

(Ey Rr 

*1 'in 


’(Re+KY+iXtt+Xy 

If X* is varying, the maximum power will 

putting Jgp-0. e ‘' uat, °' (6 ’- we ge ‘ 


be 


...(4) 

...(5) 


...( 6 ) 

calculated by 


HP, -2 (£')’ Re (Xr+X'J =f) 

ttTiPu+vr+Mn-x’n 


-( 7 ) 
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(ftW 


or X R +X'=0 

or Xr=-X'. ...(8) 

Substituting equation (8) in equation (6), we get 

(£')« Rr 

\Rr+ *')•■ ...(9) 

Now suppose R r is varying, then maximum power will be 

calculated by putting fip'—O. From equation (9) 

jfr.= (g , )»(*i»+*-) , -2(£')> Rr (Rr+V) 

( R^+Rf “ U 

(£')’ (RR+R')-2(Ey Rr=0 
(£')'[-£/.+£']=0 
Rr=R' 

From equations (8) and (9), we have 
ZR=R R +jXR=R'-jr. 
nf 7 C o rol,a 7 . If only the absolute magn itude and not the angle 
va " ed \'^ n L lhe L ^'est power output will be delivered 

^h^bsolut'^magnltude qTz ° fZ * " madee f ualt0 

Proof. The power delivered to the load can be written as 
(£')* i Zr | cos e 

r» 


or 

or 

or 


...( 10 ) 


...(11) 


(« + I Zr | COS *)*+(*'+ I Zr I Sin 8)' 
since, we know that 

*x=| Z K | cos 0 
*«=l Z R i sin 0 


...( 12 ) 


have 


Equation ( 12 ) can be maximized with respect to | Z R I. We 


9 I 2x1- 

or (£')* cos 6 


(£ ' ), .^ S ®,^' +|Z * 1 cos *)'HX'+\Zr\ sin 8)*] 
-(£ )' |Z,| cos 8 (2(/?'+iZ*|cos 6 ) cos 8 

+ 2(X’+'Zr\ sin 0 sin 0 ] 


- - - i I mi w aiU pi 

r+|Z *' sin s, ‘ i ‘ = 

7 ~\~7 \Z R \ R' cos 0+2 | Zr | X' sin 0 

~2 I Z* | cos 8—2 | Zr !* cos* 0—2 ! 2*1 Z' sin 8 


or 

or 

or 

or 


! £' M Zr I* 1 " 

|=| z 


~ 2 IJ 2 "!* sin* 81=0 


Hence, if the angle of the load • •••(13) 

magnitude of the load impedan« c^n he ’ S " 0t alter «l, the 
nitude of the network impedanwTo ohta^n T equal ,0 ,he "««- 
pow- from the network obtam the greatest 


mag- 
amount of 
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/n\ mi the maximum power deli- 
Now, from equations (9) and 

vered to the load is . 

We have proved above that ''he raving 

that case, the circuit (31) reduces 1 ° # . , 

Here total resistance is z-fi+JX 

R'+JX'+R'-jX'^ 21 ?- 

I E' 1* 

Then I T i ,= 4 R't 
i e„ power generated is equal to 

1 E' I* 

11' 1* (2R')—"2R r ...(15) 

Thus, we see from equations 






Fig. 37. 


<" h ‘ ioad 

and the power efficiency is only 50 percent.. . max i m um 

^SKLr-r— 1 W- —■ - 

work. a 

For finding out al* 
short circuit. 50 V source 
and open circuit the 
1 amp. source. W c see at- 
once that /?l=0 ohms. 

Hence R L = 10 ohms will 
absorb maximum power. 

For determining the 
maximum power absorbed 
byfltwe shall calculate 


ton 







the^uiren^flow.ng'throifgh Ht- We can find^current through * 
by superposition theorem. 

(/) Let / a =0, then 


6 

38 


(") 


E § = 3, then 

lx. 


=2’5 amps. 

10+10 20 

= _l xl0 =^=0-5amp». 


Hence /,=/*, +h =2-5+0-5~30 amp. 
Hence power absorbed by R L is 

(/,)* R= 1 3)* X 10=90 watts 
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Problem 2. The voltage at two termioals of a network consis¬ 
ting of resistance and reactance is 260 volts. When a resistance of 
3 ohms is connected to it, it is found that current of 20 amps, 
passes through it. When a resistance of 14 ohms is connected, a 
current of 13 amps is foond to flow. Calculate the impedance for 
which maximum power can be absorbed. 


Here R r =3 ohms and 24 ohms respectively and X R =0. 

i/i= _ i £, i 

In first case, when R*=3 ohms, we have 

760 

Vl(^+3) 1 +r*} 


20 : 


•••(A) 


In second case, when R*=14 ohms, we have 
„ 260 

We see that above equations are satisfied by putting 
R'=2 ohms and X'=12 ohms. 

/. Z'=R‘+jX'=2+j 12 ohms. 

For absorption maximum power the ipipedance should be 
conjugate of 2 i.e. 2—j 12 ohms. 

Problem 3. A generating device has an impedance of 0*5+ i 1 
ohms and ^ connected to a load by a line of 15+j4 ohms. At 
what load will maximum power transfer received by the load when 
adjusted for maximum power ? a 

For absorb ng maxi¬ 
mum power, Z' and Z R 
must be conjugate to each 
other i.e. 

Z«=0*5— j\ ohms 
and Z' must b; 


Z-O-5+79 

|—VWW\W--| 


1'5 —y4 ohms. 

Hence maximum power 
wiil be absorbed when im¬ 
pedance i.e. Z^ will be 
0-5 


wfQ *1 

r T 

6 

* 1 . t r . F,B - 39 - 

J +1*5—y 4=2 —j 5 ohms 




and 


maximum power /> 

4 R 


(20)* 

4x2 

. ==5 ° watts at the receiver 

Problem 4. Find the value of R, wbch will l 
power, and determine this maximum power of L ^ m,xi,num 
m fig. (40). p er °* 'he network shown 



CgmGAMP 
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For finding Ru short circuit 30K 
source and open circuit 6 amp. source. 

We find that 

*, = 10+15=25 ohms. 

2 ohms will not take part in circuit 

<*. through Rl (=25 ohms) . ^ ^ 

u “25+25 -50 ampS ' 

.... p , , =0 then ad branch will be open circuited, m this 
.»< w,,h '“ h 
equivalent resistance *«=*—+*„ 

• *.,.»= 15+10+25=50 ohms. 

50x2 100. 

= 50+2 “ 52 

So current generated by the 30 volt source is 

-ras xn 

„ a «»»« «.«* * “ b! w ' ,m 

We have ix,= -Tqo * 52“ 100 

60 60 _90_9 
So /,=(*,+!*,-50+100 


50“5 amP ' 


So power absorbed by Hi is 

^ = />i=(9/5)*x 25=81 waits. 

EXERCISES AND PROBLEMS 
What is a lour termina. network Obtain expression for image par. 

If 4 . J . \ 


tanh y- 


h AitAt i 

! VU^«t 


-)• 


where the a t section the i.era.ive 

'transfer con#*®* is^gtven'by die relation 
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*'=H 


ZlK 

Z b 9 


the symbols have their usual meaning. 


4. When the two impedances match together ? Show that the mismatching 
in db can be expressed as 

mismatching in db=2Q log l0 (1/*). 
where k is reflection or transmission factor. 



8 . 


State Superposition theorem. Prove this theorem in a case of general 
network. 

State Thovenin’s theorem and prove it in case of two terminal network. 
A certain network, including a generator, has an open-circuit voltage of 
125 volts, and on short circuit produces a current of 5 59 amp. When 
a 10 ohm. resistive load is connected, the current is 4 41 amp. By 
Thevenin’s theorem, find an equivalent voltage source circuit for the 
network. How could the sign of the reactance be determined ? 

Give the statement of Norton’s theorem. Prove that the interchange 
of voltage and current sources with the help of Thevenin’s and Norton’s 
theorems give a method of circuit analysis. 


9. What is the maximum power transfer theorem ? Show that power lost 
in the internal generator is equal to the power delivered to the load, and 
the power efficiency is only 50%. 


k 


FILTER CIRCUITS 


4 0. FILTER CIRCUITS : 

Filters are e.ectrica. km*s used to^Ueraauog 
from direct current components or to separate ^ g P from 

components “ To achieve the desired effect, the 

those lying outside this range. aft . nliat ; on for frequency com- 

that obtained with resonant circuits. 

Filters are commonly classified inaccordance with their 

th is band limit. ... 

^sss.m an*- 

andb. 

#Z* induenc. .. «P—»» «* 

combination of both. evalua- 

Because of wave nature of v o{‘* g '* “Heation of Kirchoff’s law 
lion in different elements by PP )reatmenti W e proceed in 

would be very laborious. For a P * f the elements, 

a different way mak.ng use of ^ ^ of 

Let us consider a repeated indefinitely 

Similar section as shown .n fig. 1.«■» v 
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from the generator attached to one end of the filter. The Jiigm- 
ficance of the positive sign of a is that the wave is attenuated 
without change of phase. If we write a=e-, where a is the 
attenuation constant per section, equation (2) becomes 

cosha=l+j|r- ...(3) 

(«) °> >"'• 

fi is a complex with modulus unity, so that we may write 
The wave is not attenuated at all, but suffers change of 
>hase by an angle p in each section, where 


a 1 i ^ * 

cos P=l+ 22 ^ 


...(4) 


m Jm ->■ 


a is then real and negative, so that the waveis^attenuatedwith 
a phase change of « in successive serfons. If we write a « , 
equation (1) becomes 


2i 

-cosh a== l+2ZT* 


...(5) 


Since we are dealing with electric wave filters, the currents 

then the current in a latter section jn+m) will be 

If we write a-e-*!"the current in the section (n+m) will be 

uated wave with a phase change Pp casew herethe 

0 are given in previous three rases. section WO uld not 

SSf? The behaviour of the filter is dete, 

Sk no attenuation: outside 
Th, uniform ct.i. of jjto «• % £ 

aaSdCiss ss Tbc ”"™ n,p “ 
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arc shown in tigs. 2 and 3, named as n section and T section filters 
respectively. 




In| Z, 



Fig. 2. ic-tcction Filter Fig. 3. T tection Filter. 

The series impedance of a symmetrical T section is composed 
of two similar units, each of which is labelled at |l and shunt im- 

f* “ **** in 3. The shunt impedance of 
faSu.H rz •" R -j on » composed of two equal branches, each 

“ d thfuLU^^ ,huQt branches are located oneither 

4 2 IMPEDANCE OF T AND 

s£ :asts tasas law a 


If Zu=Zr=Zjr, then 


Z,, 2 *(^ +Zr ) 


Z«+^+Zr 


...( 1 ) 


z..| + 5 (|!±) 

2,+^+Z, 


2 ' (z^+z.^z.+S +2 ,) +z , (S +z , 


Z^-ZA+^L 1 ; 


section. 15 temied M eharacl "‘Mic or iterative impedance ofV- 

cIoArou^'Z'im^dM^Z^thrr 1 ^ 3 of ^ ” ««i on are 
terminals is P “ ance Z *' the i“>P*dance across the input 
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Z,. 




...( 3 ) 


2Z.+Z.+ 


2Z.+Z. 


If Z 4 .=Z,=Z' t. 


Z't 


“■( z -+Jrm) 

IZjZ'z 


or 

or 

or 

or 


2 ^+^+ 202 % 

r,(a.+z,+ 


srA)- 22 - ( a 


2Z t Z' x 

- *~*-r~*/ * 2Z,+Z' 

“''5i 2 i + ,aVA)^-A z ' )+:IV ' 

(Z.+4Z.) Z , <=4Z 1 Z I *. 

*-;ww- 


L'S.) 

z*j 


...(4) 


Z'r i« called the iterative impedance of r »ection. 

becaS^S* Snfthe 

SaaSSa. ssssrtt ssawa 

(4) that ZrZ'r=Z,Z,. ■••« 

1 ^SSSSNSSSSS^SS^SZ 

UtTfimLsider a r section filter. If Z. denotes the open 
circuit impedance of r section then 

z.=^+z. 

When the output terminals are short-circuited, the impedance 
of r section is 


z x z t 




^+z.z. 


^+Z, 


z; 


+Z, 


The geometric mean of Z, and Z s is 

V(ZoZs)=V(t + z * z ‘) 

=Zr from equation (2) art. 4 2 

Zx-V(ZoZ^) " (1) 
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The fact that Z K is equivalent to the geometric mean of Z s 
and Zq provides the basis for a simple experimetal method of 
determining the characteristic impedance of a gi ven section. 

For 7 i section, open circuit impedance is 

■7 _ 2Z, (Z X +2Z % \ 

** * 

If the output terminals of the *r section are short circuited, 

then 

z 2ZjZ, 

Z.+ 22 , 

Geometric mean of Z„ and Z s will be 

V(Z'.Z S ) -/{_ ^jlzr) } =Z ’ x from equation (4) art. 4 2. 
Therefore Z' r =(%) 1 '*. (2) 

danceSher ( r IS, iD ^ Cate , !' aL ,he characteristic impe- 
aance ot either T or r. section is equal to the geometric mean of 

their respective open and short-circuit impedances. 

4 4. LOW PASS FILTER : 

and z,=i/;co7. 
giving Z]/4Z,= — uZLC/4. 

The cut off frequency w is 
obtained by setting this equal to - I 
Ut ' <VLC/4=1 * 



Fig. 5. Low Pass Filler Section 

..•(I) 


highr/f^u'e'ndes'are'^atunuated 355 ^^ ?h ,h0Ut 

change is given by ‘ * n P ass band, the phase 

showing that p changes'from ‘o'to = '• • ( 2 ) 
zero to the cut off vflue' The 'rhl 3S lhe fre q ucnc y changes from 
section is *’ The char-cter.snc impedance of a T 

a >‘L*V-/a 


MT-GH -£.r 

in th a t « 4 


She to zero 

and tho attenuation is given by Sl ° P band Zj is a P urc reactance 

— cosh a=I — w1 LC * 

which rises with frequency from Kro a , _ 
shows that currents in successive section, 
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From relation (5) art. 4*2, the variation of can be found 
because Z n .Zr=Z*Z , *=Z 1 Z ll 

. 7 Z » Z «- L - 
•• Z r CZr’ 

Variations of a, p and Zr are shown in figure 6. It should 
be noted that product of series arm and shunt impedance is cons¬ 
tant, i.e. t Z l Z i =LIC=K* (constant), 



Fig. 6. Variation of «, fi and the real part of z T for a 
simple low pass filter. 

where K is constant, independent of frequency and so resistive in 
nature. It is expressed in ohms. 

4 5. HIGH PASS FILTER : 

In figure 7 simple T section high pass filter is shown. Capaci¬ 
ties are in series arm while inductance is in shunt arm. Then 



For cut off frequency Fig. 7. T-section high pass filter 

— _— 1— a _i o 
4Zj Aw'LC 

°’ e= 2V{LCy 0 

The phase ehange per section in the passband is given by 
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005 p=1 -5?Ic =1 - 2 (?)* 

and the modulus of this expression gives also the value of cosh a. 
in the stopband. 

The iterative impedance is 



which is imaginary in the stopband and rises from zero at the 
critical frequency to a limiting value of (I/C) 1/f in the pass band. 
The behaviour of «, P and Zr is illustrated in fig. 8. In this type 
of filter we again see that 

Z,Z,=^=X J (constant). 



Fig. 8. Illustrating the variation of a, p and real part of 7 T 

4 6. BAND PASS FILTER : T# 

..A, simple type of band pass filter is shown in figure 9. Its 

^npH a °„ U r,?n n ,K e Seen “ f ? l,ows : At v «y low frequencies the 
,S a ““ ? the senes will be dominated by the capacity so 
? ect '? n W|H act as a simple capacity type attenuator At 

L andC ieS cuL > C ( ‘cv- 5 e ^ nt frec l uenc y of the combination 
inductive- ‘ he ,m P edance of the series arm is 

SSSCw" “ “ ow p “’ ,hc hi ' h '“ 

Quantitatively, the analysis is 

Z.=//„r 1 
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_z 

4 Z 


1 


>c; 

which is positive at zero frequency 
but tends to -co as w-*©o. When 
it lies between 0 and —1. we have 
a pass band whose lowest frequency 
is 

and highest frequency 



Fig. 9. 


where 


4 -* 


f9+^*rwhere 3=_1. 

- I LC t Ci ] 4Z * , 

The behaviour of «. P and Zr is shown in fig. 10 



Fig. 10. Representing the behaviour of 0. real of Zr and "• 

Now we shall describe a second type of band pass filter m 
which 

(constant). 

Tle r section^of Ui 

MJ2ffi25£7i —<" — “ 

occurs at a frequency at which 

a _— «nro1 rirr.Uit 


occurs at a irequcm-j 7 ---- 
the shunt arm of parallel circuit 
is resonant, the section will have 
band pass characterise. 

If Z, and Z, repsesent the 
whole series and shunt atm im¬ 
pedance, then ^ 

Z,=y ( 

. ta>'L 1 C 1 -\\ 

-■» [^cr) 
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y _ ICl _ 0)Lt ' 

ZiZ,= §[SS-i ]=§AQ-Afi. 

Now we calculate 

z,- Z?Z^i . 

Since “*•-zk- ik* 


. Z, 
- 2 


jM 


For pass band ^-=0 or —1. 


quency. 


Putt,ng 427“°’ we ect WSEa * which is not critical fre- 


If we put ^-=-1, we get 

M, 

W 4 _ O) 2 

--2-,+1=40*7,1, 

--2—+1-4“’ C > 

“•* "O* 4 0)0*0, 

o> 4 —2o) , o, 0 *( l + §) + V=0 . 

This equation gives the critical frequencies: 

-"•'[( 1 + S)+|±V{§'(hS)u - 

[/(■+§» 

If the roots of this equation be o,, and o,„ then 

+C 1 /C,)-f yrc./C^)! 

M ‘ u ?=‘°n[V( 1 + C,/C,)-^(C /Q]' -d) 

Multiplying above equations, we get ' ' -(2) 

0^=0)* 
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We have shown previously that 

1 1 




=(il 


K “crc, 


9 Lfiruci 


..•(3) 


or 


'-I 

From equations (1) and (2), we have 

=W(g)=K 

V ts 

Li' 


i.e. 


From (3), we see that 

Cl =_* (/i-/«) 

LjCDiW, ATa» 1 ctf t KMfift 

From relation ( 4 ), values of I, and C, can be determined 

^ W /l/t 

of K, /i and ^ Values ^1 anc * Q wn be calculated in terms 

4 7. BAND-ELIMINATION FILTER • 

“ s P ?;x r te,en “ i ,o ■» •« 

A T section band stop 
filter is shown in fig. 14 
the senes arm consist of a 
parallel resonant circuit and 
shunt arm consist & of series 
resonant circuit. 

. If z i represents total 

Z tLl rm K lmpedance a nd 
f*’ total shunt arm impe¬ 
dance then ^ 

j*,L, 1 




-qprCp- 


>C, 


;wc x 


7- F »g. 14. 

r section band stop filter. 


Filter Circuits 


91 


Now Z,Z a =Z 1 /C l (If Lfii^LtCx), 

The arrangement in this type of filter is also same as band 
pass filters, l.e. 

Z,.Z,=(constant). 

From the condition of passband ^ =0 or 
2 

From =0, we get 

utL,C* _ =Q 

”"(a/ , i-iC , 1 —J) J) 

(a>*L 1 C l -l)(a>*L 1 Ca-l)=oo 

7 

From j-—-1, we get 

4Z, 

O^LiCt art A 

Putting I*iC 1 =IiC 3 =—,, 

o> l ^C t _ _4 

)ii->) _ 

"’«- 4 ($-' y 

—,^= 4 (^- 2 —,+i) 

<V C, \<V Wo* / 

4.. 4 — 8a> 2 w 0 *— a>*<u 0 * ^+4a> 0 4 =0. 

4a> 4 —o>* ^ 8w 0 *+Wo 2 j+4w o 2 =0 

'he value of a>* will be given by 

,«= ( »-,'Wg)±V{( g<u o'+<V gj) -640-0*1 

•f ( 8 + c,/Q±^ v( y c ^ 

o 


or 

or 

or 

or 


X a» 0 2 


= 8 v ^ 2,1/ 8 

w « = ‘^r ( 16+C 1 /C I )+QC 1 ±2V(C,/C I )V(16+C 8 /C 1 )] 

16 

= ^! [ V(16+C,/C,) ± ViCJCJ]'. 

16 

.. w =|9 (v^(16+Cj/C,) ± V (C,IC,)]. 



...( 1 ) 

...( 2 ) 
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Let the two values of ay be represented by 

"»=? [V(C t /C 1 +16)+V(Cl/Q] 

-»-? IV(QC,+16)-V(CVC 1 )]. 

If we multiply both the above 
equations, then we get 

o> 1 ajj=a> J a . 

Thus the resonant frequency is the 
geometric mean of two cut off frequen¬ 
cies given by equations (l)and (2). 

Variation of attenuation constant 
with frequency is shown in figure 15. 

Thus the frequencies lying between 
( 01 ,- 10 ,) frequency band are stopped 
while those lying outside this band are 
allowed to pass 

Iterative Impedance of T section : 



Fig. 15. Variation of a with 
angular frequency ot 


/H I+ ^)W( 1+ lr )• 


Puttingfj—we get 

U* l j 


It can be shown from equations (1) and (2) that 

. Ci k wj 

utting these values in the expression for Z T , we have 

Zr=K /Ji- foiAop—<»«/<■».)* ] 

V l (<o/a> 0 — o>o/co) a J ’ 

and Z t =K I j \ - W^o-Wrf j 
v l (co/a> 0 —o^/oj)* J* 

Therefore, when 
w =0, Z r =tf, 
iu=o>!, Z r =0, 
o>=cu 2 , Z r =0, 

<u = oo, Zt = K, 

o>=o> 0 , Z r is imaginary. . v -—- ^ 

This variation of Z r with fre- P - „ 

,«»=, shown in fig „« , 6 . f**. 
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The values of various element* for bandstop filter can be 
calculated in a similar manner as for band pass filter. 

4-8. DISADVANTAGES OF SIMPLE TYPES OF FILTER : 

Filters considered earlier belong to the class of l K derived* or 
‘constant K' filters since their impedances obey the relation 

Z, Z t =K\ 

where AT is a constant, independent of frequency This constant K 
type filter suffers from two principal disadvantages : 

(/) Its characteristic impedance is not sufficiently constant 
over the pass band but varies with frequency. The filter, therefore, 
not be terminated correctly throughout the pass band. 

(//) The attenuation does not rise very abruptly at the bound¬ 
ary to the transmission band. 

In order to overcome the inherent limitations of constant K 
type, Zobel devised a filter section whicn he called the ^derived 
type filter Such types of filter give practically uniform chara¬ 
cteristic impedance over a large part of the pass band and at the 
same time increase the abruptness with which cut off occurs. 

A high degree of attenuation beyond the cut off or a constant 
impedance in the pass band demands a more complicated structure. 
If the constant K section is regarded as the prototype, it is possible 
to design a section to have the same impedance and hence the 
same pass and attenuation bands but with a different degree of 
attenuation outside the pass band. This may be done as shown in 
the following article*: 

4*9. m-DERIVED T-SECTION (Series derived filter): 

Suppose that T section, as shown in figure 17 has the series 
arm modified by some constant m. then if this new section is to 
have the same impedance Z T as the prototype, the shunt impedance 
must be modified in the same way. 


For the prototype section, 

if;)} 

If for this new section 
Z l '=mZ l and impedance i» 
Z T \ then 

Wl-*‘ (■■#)}• 

where Z 2 ' 

If Zr' is equal to Zn then 
by 



Fig. 17. Modified prototype 
T section. 


is the modified shunt impedance in the new section. 

Z 2 ' must have the value determined 


z > z '(‘ + 4 |)-” ZA '( 1 + 4 ®)' 
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i.e. 




,.(i) 


and so-tbe derived T section as 
shown in fig. 18 has the same 
impedance as the prototype T 
section, m must always be 
chosen such that 

0 < m < 1. 

Now we shall discuss the 
pass band limit in this type of 
filter. 

Pass band limit: For pass 


rrtZxh 



Fig. 18. m-derived T section 


band in prototype T section, «ve know that or ““*• C° n * 

sidering m derived T section, we write 
Z( mZ , 

■» • S' - 

4 z; 


2, , 1—m» 
4m 
mZ ± /Z, 


4^+^Z, 


4 [i+i3£.y 

m m 4Z a J 


” ,to S;'* 0 - 

AUo if A = -1, then 


4m 


4z; 


l—‘m* 


-I. 


[m m \ 

Thus pass band in m derived T section will be determined by 


and 


4Z f 

Z 


r. l 


••( 2 ) 


4Z, 


r=-1. 


J 


Since the pass band limit in the case of m-de'ivcd T section is 
same as m the case of constant K type, the critical frequency of 
prototype and m derive d filter is the same. 

Shun i arm is t0 ** cll osen in such a way that it is reso- 

a ^lfr SOn ^u frequc,lcyof iofinilc or hi ? h attenuation called 
acove j 0 . This means that at the resonant frequency 

and tor low pass filter 

- 1 _l-m 2 

2*/«mC 4//T 29 L > 
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0r „ V {(l_ m .) Ley ...(3) 

We know that the cut off frequency for the low-pass filter is 

f _ ! _ 

J ‘~v^(LC) ...( 4 ) 

so that the frequency of infinite attenuation will be 
f — _ ll _ 

from which m = y/[ 1 — ( 

This equation determines the value of m to be used for a 
particular/*. . 

Similar relations for the high pass filter can derived; they 
are /«=/« VO-" 1 *) —(?) 

and /h=a/{I —(/•o//«) , ( —(6) 

The m derived section is designed by following the design of 
the prototype T section. 

The variation of attenuation over the attenuation band for 
low pass m derived section in the stop band is dependent on the 
sign of reactances or 


«= 2 cosh->y(| 4 -||) or «=2sinh-‘ ^/(jjj) 

/.</</- ^<f 

For Z x =jwL and Z t =-jwC for the prototype, then 
Z, I ma)L 

4ZT | 4i 1 ima>C- u>L{ 1 - m*)l*m ] 
so that for f 9 < f < 

““ 2 cosh ' 1 vo-fc 1 4 \\\[ 

and for/. < /, J 4 } 

- ">///»- ! I 

a=25inh v(fi/f ^ t) s j \ ^ 

From the above expre- g / , \ 

ssion oc may be determined. ^ I \ 

Figure 19 shows a plot of S 2 '/ l' 

ct against// for m=06. * // 1 . *** 

It is observed that /«, is « / v/ w 

/"S 6 L, \ mmu 

increase in sharpness of 0 03 to ,5 20 

cut off for the m derived W c 

section over the prototype F:g. 19. Variation of attenuatioi 
• prototype and m deriv< 

is apparent. a nd lhe coropos i, c resi 

The constant P may be two in seriei. 


a«=2 cosh -1 


2 sinh" 1 








03 tO t3 20 2-3 TO 

Variation of attenuation for ihe 
prototype and m derived sectioo, 
and the composite result of the 
two in seriei. 
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determined in the pass band from 

—V(ISI) 

- . * m.f/fe _ 

-2sm V{1 -(/•//.*) -(7) 

In the attenuation band, upto 
/<*, 0 has the value ir. Above/« 
the value of P drops to zero, be¬ 
cause the shunt arm becomes 
inductive above resonance. The 
phase shift of the m derived sec¬ 
tion is plotted as a function of 
fjfc in the figure 20. 

The sharpness of cut off in¬ 
creases for small values of m, the 
attenuation beyond the point of 
peak attenuation becomes smaller 
for small m. This emphasizes 
the necessity of supplementing 
the m derived section with a prototype section in series to raise 
attenuation for frequencies well remote from cut off. 

4 10. m-DERI\ED * SECTION FILTER (Shunt derived filter): 

Here we assume Z,'=and find the value of Z x \ so that the 

iterative impedance of m derived rr-section is the same as that of a 
prototype w-section. 





- -rig. \o) Mooined ^-section. 

impedance^ then W ° ' ypCS ° f ”' Sec,ion have ,he same itera,iv,e 

m ( 1+ &;)= Z i(l+'"Z 1 74Z t ). 


or 
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* [i+S,‘ i -"’>]- ZA 

. wZ,.4Z, _ 

— 4Z,+Z, (1—m*) • 


m 


Multiplying above and below by j_ m i 




~(w) 


z, 


mz, 


4m 


.. ( 1 ) 



o^r Zt+mZ ' 

The above expression represents 
a parallel combination of mZ, and ( ^ 

(A) 2 * Therefore series and a drived n section. 

shunt arm impedances of filter section can be shown as in fig. 22 . 
Pass band condition : 

To find the pass band condition, we determine the ratio 


2/ 1 _ 

4Z t ' = 7_L, 

\mZ| 4mZ|// m 

m __2_. 

— 4Za 1 / 1 , Z _l_\ 

Z, U + m ’4Z,/ 

m.Z,/4Z 2 
m \ m J 4 Z 2 


If -^-=0, then 
4Z 2 

If-§-=- 1 . then 
4Z, 





We see that the condition of pass band in the case of T section 
and it section of m derived filter is the same. 

Condition of Infinite attenuation : For infinite attenuation 
Z,=co and Z 2 ’=0. From Z^co, we get 


mZ^AmZ, 
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mZ, 4mZ a U ' 

Zi_1_ 

42^ 1—m* 

7 

” 4 ^ > ** m ^ * css thM one. 

Therefore the condition of infinite attenuation in the case of T 
and n sections is the same. 

Thus m-derived sections may be employed to give increased 
attenuat ion near the cut off point and by proper adjustment of the 
parameter m they can be made to meet any practical attenuation 
requirement, m-derived section in conjunction with ‘Af-derived* 
section overcomes practically all the disadvantages. 

4*11. m-DERIVED BAND PASS FILTERS: 

The m-derived band pass network is shown in fig. 23. 

A I i ! 

-r—- 5 -TOTUOir—o T \\ X. 


4m . 


££* l 

7* l i 




Fig. 73. m-derived band pass Fig. 24. Reactance curves for shunt arm 
swiion. of the m-derived bandpass section. 

Circuit? 6 hrJJh 1 C0nsist n, of serics resonant and antiresonant 
c reu !' *nT,hl -f I"* Pl0 - 1 0f reac,ancc Curves for ,hese ' w ° 
isThown in 4 2 4 Vana, ‘° D ° f ,he ShUnt 

Here/ 0 is antiresonant frequency of the arm as a whnl*» 

ks? I 

so th« ° ne/ "' the reac,ance and ^ •« equal and oppos.te 
J w ~ () ii —rr—~— . - (>•“ *i/"0 (-/o>- m:',) 


l*\ 

> 

1 -m* 
4 


(&)—V-ifTj —I j— _ <u —* ^ C . 
1 7 cu ..*/ S' 
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In view of the fact ^ 

L 1 Ci=L t C*=—j, 

equation ( 1 ) becomes 

l_m» //JA =4ir , fJ Ll c x . 

4 V' / , . 


..( 2 ) 


The values of U and C,°h»e been calculated in K type band 
pass filter, they are _ (ft-/,) 

^ aBd Cl= ^KfJt 


Lf 


or 


..( 3 ) 

..(4) 


(1 -m 1 ) (/-*-/»/•>*=/-’ ( /» _ A^ 

, i (Hi)/«_//,= 0 . 

Solving for the values of the frequencies of peak attenuation 

/-=2^W)±y(i/r^) +/,/ ‘)'. . --f 

The first factor of equation (5) on right hand^.fwWch h “ 

the second factor hence one vaiue of/» wili oe g ^ 

sjsss ass ssasi. - 

.«/ r r\t \ f f.-M 

..•tb) 


vAd 


me iwu 11 C 4 UVUV.V- 1 — 

/-»-V( 5 (feS) +/,/i 

=J +/■ /*)+ 

Solving equation (3), we get 


..-(8) 


The value of m may bepow/theother frequ- 

* f.«-t-2f, f.+f*~ Am /./« -ft+ViJ&Jl =/,/.. 

-4T-m>) (9) 
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attenuation. If m is selected to place /«! at a desired point, foot 
is automatically fixed and vice versa. 

412. ATTENUATORS: 

Attenuators are resistance networks used for the specific 
purpose of producing loss, in known amounts, for all frequencies. 
Since the resistance offered by a resistor to the currents of different 
frequencies in it is independent of their frequencies (except at very 
high frequencies at which skin effect comes into action), they are 
best suited for producing same loss for all frequencies. Such net- 
wo ks can be designed to match two unequal impedances and an 
attenuation greater than a limiting minimum value. 

Let us consider an /.-section 

attenuator and take that /?, and •- \ r / 2 Z ,1— 

R 2 are the two impedances to be J 

matched by it. 

We know, from filter theory, -V, 

that 

Z r =VfZA-HZ,*), _ __ 

7 — 

' Zr* Fig. 25. 

When Z, and Z 8 are pure resistances then Z T > Z m . Now if 
ai is greater than R t , then 

*i=Zr. R 2 =Z v . 

Thus 2,Z ; =Z,Z r =*,*, 

get Puttln ® an< * ZiZ t =RiR% in the expression for Zt, we 

*>=V(*.*,+i z, ! ), 

i Zi=R l 1 —R l R i . 

Series arm impcdance=S=iZ, 

-*»)]• 

And parallel arm impedancc=/ , =2Z s =2.?^ , 

S’ 


Z* 


-(1) 

..( 2 ) 


i~Z< 


arm 5m h^ P i' y , fr °T,^ and R " Ihe shunt arm and s Ties 
m S can be calculated from equations (I) and (2). 

Now the loss produced by the /.-section will be 

Input power 

Output power = E 2 I 2 =e * 

T1.S, L°»-'*’- I + 2 J-+ N /{| + (A)j i 

(from equation 12 art. 4*3). 
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(£-)• 


2*i 

R 




...(4) 


Because L section has only 
two adjustable elements, it can 
not match two importances and 
produce required loss, though 
in matching R\ and _/?*, attenu¬ 
ation produced is minimum. 

To produce any required 
loss by I-section iterative im¬ 
pedance termination is adopted ’ . 

To secure required values, in this method, generally mput imped¬ 
ance and attenuation are adjusted. 

From equation (15), art 3-0 iterative transfer constant ,» 
given by 



Fig. 26. 


Z*+Z,ir 


or 


Also 


or 

or 



...(5) 


Z a (Z,r+Z>)=Z*i*. 

Putting Z,x+Z,=Z,.t» 

and Z , l x =Zt * in above rela,ion ' we get Z “ Z ‘ e '* =Zl ■ , ■ 
But Z>=^- p from (5), therefore 

Z'.&-.e’=Z L * or Z.=Zi (l-e'*) 


...( 6 ) 
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figure 27 (a). A lattice is like a bridge with input applied at one 
diagonal and output taken from ether diagonal fig. 27 (6). 



will be 


Z/i«=Z/ t —Zj. 

Fig. 27 (<|). Fig. 27 (bj. 

If terminals 2-2 art open, then the resultant impedance Z+ 

1 1 * 1 


Z 0 Z 0 +Z*~^Za-|-Z& 


Zo 


Za+Z> 


While with 2-2 shorted, resultant impedance Z, will be 

. 7 _2Z.Z, 

*• *£+z,- 


Now image impedances 


Z'i'=Z, 1 =Z/=V(Z(>Z.) 
Z.+Z. 2Z.Z, \ 
2 • Z.+ZJ 


V( 


z,=v(z fl z 6 ). 

And image transfer constant y is given by 

tanh« y= g-‘— 4Z - Z > . 
7 Z 0 -(Z o+ Z 4 )«* 


/rom which it can be seen that 


cosh y= 


Zo+Z 5 


and 


—V&4 

Further, cosh y=l-f 2 sinh 2 -= Z °~^ Z6 . 

2 Z b —Zf 


sinh 


Wt 


*■ 1 


.Z.+Z.J 

- WG&r) 


,.(7) 
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Therefore tanh ~ 

From equations (7) and (8), it is obvious that 

Z fl =Z/ tanh \ y 




and Z b =Zil tanh J 7. 

Thus if we are given y, image transfer constant, and Z/, val¬ 
ues Z a and Z* can be calculated. The above relations are, thus, 
design formulae for lattice type attenuator. 

NUMERICAL EXAMPLES 


1. Design a low pass constant K filter for 600 ohms line to 
pass speech frequencies upto 2500 c/5, employing, 

(a) T section (b) n section. 

For a low pass constant K filter, the product of Z, and Z, is 
independent of frequency, i.e. ( ^ 

* ,= Z 1 Z»=> i -j^c=c 

The cut off frequency of a low pass constant K type filter is 

^ = r.vUC7 

Thus the values of L and C in terms of K and/, can be given 

—- -^2-=^t= 76 4 mH 
as L ~ ^/r-3 14.250 78-5 

r _L-__ _ _=0-212 jxF 

and C- ,r/f/. 15.10*314 ^ 

With tnese elements two sections can be represented as 


58 2 mH 


«Q a r T)H 


4= 212>x/ 


1 toe /if 1 »oyif 


(a) T-section 


(6) n section 


Fig. 28. 

constant K band pass filter the ratio of the capacitance 
in ,&iwt £d series arms is 100 : 1 and the resonant frequency tn 
both arms Is 1000 c/s. Calculate pass bandwidth of filter. 

« A A 


Given t? 


t 12-° and/,= 1000 c/s. 


We know that in case of constant K band pass filter, 
/i=/o 
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and /*=/ 0 [V( 1 +C 1 /Q-V'(C 1 /Q] 

Therefore pass band is 

/r/.=2-WW 

=200 c/s. 

3. Calculate values of the elements of a T-sectlon low pass 
filter having a characteristic impedance of 600 ohms and a cut off 
frequency 3 kilocycles per second. 

In a low pass filter the cut off frequency f 0 is given by 


f ' *V(Lcy 


and characteristic impedance 


K*=Z.Z.. 

...(2) 

**--‘*i4 


(600)*=^- 


or L=(600) , .C. 

...(3) 


The cut off frequency f =3 x 10* c/s : hence from equation (1), 

, «AS 1 1 

314V{(600)»C 1 } = 3-14x600xC 

. r _ 1 10 "* 

•• u - 3 x 10 s x 3-14x600“ 5652 

C=0177xl0-« Farad. 

Putting the value of C in equation (3) 

1=600 x 600x0- 177x 10"® 

=63*72 mH. 

4. In a high pass filter for 600 ohms termination is required to 
cut off below 20,000 c/s. Compute the value of the shunt and series 
element for T type filter. 


For a T type high pass filter. 


r _ 1 

Jl 

...(1) 


...(2) 

From equation (1), 

20 ' 000 -Wiicr 

...(3) 
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From equation (2) 

6 °° = y(c)' 

From equations (3) and (4), we have 

*.=600 x 20,000 

4tt C 

1 = 4 x 3 14 x 600 x 20,000 
C 

1 


-(4) 


C= 4x3'14xo00x20,000 ' 

1 X10-* 

"TJnT' 

C=0 0066 mF. 

Bu, each series element in r-seetion is 2C : b=. tb. 
element is 0‘0132 (*F- 


Now 


or 


^-=4r.L 

Jc 

. K 
L 4n x/o 


600 


=4x3 14x20,000 

000239 
=2 39 mH. 

_ i a: band pass filler terminated in 600 ohms has a 

5 - A rrfUmiencv of 12 kc/s and an upper cut off frequency of 

gKE Sffi *** of ,he elemen,sfor a T ' seaion ' 

We know that 

till. \ Is U1 I I 

...( 1 ) 
...( 2 ) 
...(3) 
...(4) 


and 


tU|=“0 

iu 2 =<uo 

^n.l20xlO s =wo 

2ir.l23xlO s =a> 0 


jfc'vm 

Ah' )-m\ 

Ab'VM 


tT \ « 

Now from equations (1) and (2), 

A/{(C|/C t )-fl} 
w t —wi“ V(C^) 

¥-y( 
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or 


6561=1+9; 


•• Cl 

We also know that 


9=6560. 



TC TC 1 1 - 



Ll ° 1 L^ % a ^*- 12 3.i20.4.« a .10 - 

...(5) 

or 


...(6) 


£i=a:»=?60o. 

C 2 

...(7) 


or 


From equations (5) and (7) 

Li'Ci 3600 

C, ~123x 120x4^x10* 
L n 3600 xCt/C, 


L= 

Ct 

Ci* 


123x 120x4n*x 10* 
6451 mH. 

A L, 6451 
6590 


c i /c 1 

L. 6*451 


C» 

'6560 


6560 

=1-792 *xF. 


3600x6560 
123x 120x4ir*x 10* 


0 98 uH 


3600 
=539/x/xF. 


6 . Design a L type attenuator operating with a load resistance 
of 100 ohms and producing a loss of 20 db. 

The iterative attenuation constant in nepers 

~F<nr6 =2 ' 303 

e p =10 

Z a =R a =Z L (l-e“P) 

= 100 (1 — i x o )=90 ohms. 

Zl _100 

10 — 1 


Thus 


Zt>=Rh 


=11*1 ohms. 


1. 

© 

3. 

4, 


e p -l 

EXERCISES AND PROBLEMS 
What do you mean by filter circuit ? How the filters arc classified in¬ 
accordance with their selectivity characteristics ? 

Describe the elementary filter theory. 

Obtain expressions for the characteristic impedance of T and n sections. 
Prove that the characteristic impedance of either Tor it section is equal 
to the geometric mean of their respective open and short circuit impe¬ 
dances. 
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(S) What do you mean by low pass, high pass and band filters. Calculate 
the iterative impedance in case of band pass filter. 

6. What arc the disadvantages of simple types of filter ? How are these 

removed in m derived filters ? 

7 What are attenuators ? Describe lattice type attenuator. 

8. A constant K band elimination filter is required to suppress frequencies 
between 1,000 c/s, to 2000 c/s and to have a terminal impedance of 50012. 

Calculate the value of the elements of (a) r-section and ( b) a "-section. 

9. A symmetrical filter section of the 7-type has series inductance of 
100 mH and a shunt capacitance of ljiF. Determine the cut-off frequ- 

10. Calculate C the component values of a band pass filter having cut-off 
frequencies of 3,000 c/s. and 6,000 c/s. and a terminating resistance of 
10,00ft. Draw a circuit diagram showing the component values for 
(a) a 7-section; and (6) a "-section, 
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THERMIONIC TUBES 


Thermionic tubes play important part in the operation of 
electronic equipments. Their development has facilitated advances 
in the fields of power and trans¬ 


portation. Iq radio circuits vac¬ 
uum tubes are used as (i) voltage 
amplifiers, (//) power amplifiers, 
(mi detectors, (iV) oscillators, (v) 
frequency convertors, (v/) recti¬ 
fiers, (v/7) regulators, (yiii) modu- 
lators. We shall describe all these 
functions, performed by the vac¬ 
uum tubes in the next chapters 
of this book. The purpose of this 
chapter is to list the basic types of 
thermionic tubes and their fun¬ 
damental characteristics. 

VACUUM TUBES 

50. VACUUM DIODE: 

The vacuum diode is a two 
electrode vacuum tube. One elec¬ 
trode, called cathode, acts as an 
emitter of electrons. The emitter 
may be either directly heated or 
indirectly heated. The second 
electrode is called anode or plate. 
Structure is shown in figure I with 
its symbol. 

If a positive voltage is applied 
to the plate, the electrons emitted 




r symbol, 

current becomes zero. The polarity of the plate changes wh, 
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alteinaitng voltage is applied to the plate. The plate current flows 
only for the positive half 
cycles of the applied voltage. 

This plate current, the 
flow beiog in one direction 
only, is called the recti¬ 
fied current. This pro¬ 
perty makes the diode 
useful as a detector and Fig. 2. Circuit diagram for 

a rectifier for d.c. power vacuum diode, 

supplies. 

For full wave rectification, tube with two plates and one or 
two cathodes, called duodicde, is used. One of the plates is always 
positive with respect to the cathodes and thus both halves of the 
applied voltage are rectified. 

* Figure 3 shows the circuit arrangement for finding the chara¬ 
cteristic curves of thermionic vacuum diode. 

In order to draw th.* charac¬ 
teristics, the filament current is 
adjusted at a fixed value and the 
plate voltage e b is increased in re¬ 
gular steps. The p.ate current is 
noted at each steps The observa¬ 
tions are repeated for other values 
of filament current Now the plate ' Fig. 3. Circuit of studying 
current is plotted against plate the characteristic 

voltage as shown in figure 4. °f d * ode valvc - 

Suppose the cathode temperature 7*, is constant, then the 
plate current increases along the curve OA as the plate voltage is 
increased from zero. In the region OA, the number of electrons 
emitted from the cathode is laige than the number of electrons 
which can be attracted by the plate voltage. The excess electrons 
form a cloud in the space surrounding the filament which 
is known as space charge. This nega¬ 
tive charge retards the emission of elec¬ 
trons from cathode which in turn 
reduces the space charge. For a certain 
value of plate voltage, the number of 
emitted electrons is equal to the num¬ 
ber of collected electrons by the plate. 

The diode then operates at a saturated 
plate current If the cathode tempera¬ 
ture is raised to T 2t the saturated Fig. 4. Plate current-plate 
current value also increases because of voltage charactcns- 

the fact that at higher temperature of tics of a diode, 

cathode, emission of electron will be 
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greater than at temperature T x and then there will be more elec¬ 
trons to reach the plate for saturation current. When the plate 
potential is sufficiently high, electrons are attracted by the plate as 
rapidly as emitted from the cathode. The plate current is then 
limited by the electron emission of the cathode and so depends 
upon the cathode temperature rather than the plate voltage. The 
portion OA , in which the plate current is a function of plate 
voltage is known as space charge limited region , while the 
portion AB , in which plate current is dependent on plate voltage is 
known as temperature limited region. 

5 1. VACUUM TRIODE : 

A vacuum triode is a three electrode tube containing an emit¬ 
ting electrode called the ‘cathode*, a control electrode called the 
‘grid* and a current collecting electrode called the ‘anode* or 
‘plate*. 1 he basic structure is shown in fig. 5. The emitting 
electrode, may be directly or indirectly heated oxide cathode, an 
oxide-coated filament or a filament of tungsten or thoriated tun¬ 
gsten. The control grid is .in the 
form of fine messh screen between the 
plate and cathode. The electrode, 
being nearer to cathode than the 
plate, will influence the electrostatic 
field at the cathode to a greater 
extent than can the flow of current 
from the cathode. The grid is usually 
operated on a slightly negative poten¬ 
tial so that the electrons will pass 
between the grid wires without hitting 
the wires themselves. 

Figure 6 shows a circuit arrange¬ 
ment for investigating the various cur¬ 
rent voltage relations in triode. These 
rcl itions can be represented by a 
series of characteristic curves. A single curve serves to show the 
variation in the p ate current resulting from variation of one the 
curent controlling voltages, the other voltage being held co.is tant 


COMTffOL 
6fitO 




Fig 5. Basic structure and 
symbol of vacuum 
triode. 


A 



Fig. 6. Circuit arrangement for obtaining the voltage 
and current relation in a triode. 
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Figure 7 shows a family of curves for typical triode, where 
each curve represents a plot of plate current i» as a function of 
grid voltage e 9 for a fixed value of plate voltage e b . Because the 
curves show the effect of a voltage variation in one circuit, the 
grid circuit upon the current in another circuit, the plate circuit, 
they are known as transfer or mutual characteristics. 



Fig. 7. Typical transfer characteristic curves of triode. 


Figure 8 shows the family of other curves obtained by plot 
ting plate current as a function of plate voltage for various fixed 
values of grid voltage. The set of curves representing the current 
voltage relations in a triode are known as plate-characteristics. 



0 tOO 200 300 400 500 

Plate Voltage £ 0 


Fig. 8. Typical plate characteristic curves of a trioac. 
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51-1. TUBE PARAMETERS: 

Vacuum tube characteristics are often referred to as the para¬ 
meters of the tube. The most commonly used parameters are: 

(a) Amplification factor fp): This is defined as the measure 
of the relative ability of the plate and the grid to produce an equal 
change in the plate current, or 

change in plate voltage for constant value of plate current 

h change in grid voltage 

--(£), 

The negative sign appears because voltage changes in ratio are 
of opposite sign and is a conventionally defined as the positive 
number. 

The amplification factor can be calculated from values obtained 
from the transfer characteristics of tube shown in fig. 7. We see, 
for example, that a change in grid voltage from —14 volts to —4 
volts is associated with a change in plate voltage from 300 volts to 
100 volts for a constant value of plate current (2m/t). The amp¬ 
lification factor will be 

(300-100) 

11 -1-14-(—4M" 20, 

c or most triodes amplification factor ranges between 10 and 40. 

(b) Piute resistance (r p ) : It is defined as the resistance to the 
flow of alternating current offered by path between the cathode and 
plate. This is also called the dynamic plate resistance or a.c. 
plate resistance. Its value depends upon the grid and plate voltages 
applied to the tube. The expression for r v can be written as 

change iuplam voltage f0i constant grid voltage 
change in plate current 




The value can be estimated from fig. 7. At e c = —10 volts, the 
change in plate current from 4 milliamperes to 10 milliamperes is 
associated with a change of plate voltage from 250 to 300 volts. 

Therefore, 

300-250 * 50, _ , 

r ’- ( us~4no-«=-6- 10 ohras * 

= 8-33.10 s ohms. 

r v can be assumed constant over a considerable range of operation. 
Value of r v varies with point of operation. 

(c) Trans-conductance (g m ): The trans-conductance of a tube 
may be defined as the ratio of the change in plate current to a 


. . ltf 

changeTthe Control grid voltag^whenaH other tube element 
voltages are kept constant. Mathematically, 

(dh\ 

«- = U.k 

where ^ 4 =change in plate current, 

(fe„=change *°^ ated frJm trans fer characteristic, 

(fig . Tf e triple ^r glam voUage ,= S volts, change « 

m hos= 002 mhos 

v , lue „[ ,.,L «i.h tta point f opot»<»“ M variation 1, 

It can be written as 

de\, dl± 

*** Tfcdu 

u is obvious ftom^figs. (7) and ® S5 

and plate characteristics *“» ^ v J ues of r, (plate resistance) 
e, and plate voltage <?>• Henc , however, m remains 

and g m (Transconductance) ^ Fig . (9) shows 

almost constant over a w* range P currentfor a fixed plate 
the variation of ^ Z- . ana r * wu v 
voltage. 


_de± 

*~de; 



i 


«M« o'- U “t*“ '*• . 

Wtatko chamoyl a.loonr^ 

3£id!££ « —Ml 1» ***• ,tis “ “• ,mc - H ‘ >W "'"’ 




114 Hand Book of Electronics 

within the small range, these coefficients may be taken as 
constant. 

51-2. THE SHORTCOMING OF THE TRIODE : 

(/) The value of amplification factor is relatively low. In case 
of voltage amplifier, the gain depends upon amplification factor /* 
and hence a triode should have large value of /*. 

(//) There exists three interelectrode capacitances between these 
electrodes. They are (/) capacity between grid and plate, C gv (li) the 
capacity between grid and cathode C #k and (/») the capacity bet¬ 
ween the plate and cathode, C pk . The effects of these capacitances 
are: 

(o) at high frequencies, the large values of C, p and C,* decre¬ 
ase the gain of amplifier, and hence the triode cannot be used at 
high frequencies. 

(b) when a triode of high is used as an amplifier then vary- 
W V0, [ a 8 e in the plate and grid circuit will cause an a.c. to flow 
through C 09 into grid circuit. Sometimes the feed back may cause 
the amplifier to oscillate. Hence the triode, instead of amplifier, 
acts as an oscillator. 

51-3 DYNAMIC CHARACTERISTICS: 

The characteristics of a triode valve with no load in plate 
circuit are known as static characteristics but when a load is con¬ 
nected in the plate circuit, the characteristics are known as 
dynamic characteristics. The circuit arragement for drawing the 
oynamic characteristics is shown in fig. (10). 



F'g. 10. Circuit arrangement for drawing the dynamic characteristics. 

Fig. (11) shows the plate current-grid voltage (iW.) chara- 
ctenstics of a triode. Let us consider that a load Rl (20 000 Q) 
IS connected in plate circuit and the grid bias is such that there 
is no plate current. In this situation, the plate potential is the 
same as the plate supply (say 100 volts). This situation is 
shown by a point A in fig. 11. 

Now suppose that the value of grid bias is such that the plate 
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& a poiat B on 80V curve where fc-l«A aad e.= -6V. 

i 6 m\ \ ,4 / 
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f 


e c vo/ts 

Fig. „. Plate current grid voltage characu,ls.ic^ ^ ^ 

Further suppose that the ^'ooo^xUx lo'*)=40 volts. Now 
the voltage drop across load -s 20 , 000 x(ZX i) c ^ ^ chafa . 
the working conditions are rep The line joining the points 

I 

near A points. 

ode, control grid, screen gnda^d plate. TO ^ ^ grid exce pt 

thaTiHs usually'^S^^Sjfto’Slhlle- 1 * ffiote'ntial 
a Sn&STiVnT Plate voltage. 

,S The W o main functions ^^^t positive 

-s.i*=f=«25SSlH?fe5 

tntftegion^urroundtng the Therefore in 

s&ssssss&jfiv£ sft «w? 
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It has no appreciable effect on g mt the trans-conductance of the 
tube. 



p/or* 

Screen grid 
Control grid 


Cathode 


Fig. 12. Basic structure and symbol of vacuum tetrode. 

00 The second function of scree n grid is to improve tube 
performance in circuit involving high frequency voliage variations, 
by reducing the capacitance formed between the control grid and 
the plate. At radio frequencies, this inter-electrode capacitance of 
triode, being of the order of 10 fijiF, becomes a source of feed back 
of energy from plate to grid circuit and thus causes trouble in the 
operation of the circuit. 

The value, however, suffers from the disadvantage of secondary 
emission. When the plate is less positive than screen grid, the high 
velocity primary electrons from cathode strike the plate and pro- 
duce secondary electrons which are attracted to the screen. Thus 
when the plate potential is less than screen potential, the screen 
current increases while the plate current decreases. 

The basic circuit for drawing the characteristics of a tetrode is 

t h rv n fi , g n A re *?•, The 50:6611 grid potemial e, is kept at a fixed 
value (say 100 volts) and control grid voltage e e is used as a para- 
metcr. Let first of all the control grid be kept at a 0 volt and the 
plate voltage be gradually increased in steps, the corresponding 
plate current /* and screen current i, are noted. Again the control grid 

tu changcd (8a y b y 2 volls ) a°d the observations are re- 
peated^ The curves are shown in figure 14. The space current which 
is the sum of plate current /* and screen current /, is also found. 
It is observed tnat space current is independent of plate potential! 

lypic , al set of P la * characteristics for a 
fix ? d 1 scree ° valta * e of 100 volts. In the beginning 
when plate voltage is less than screen voltage, and it is quite lnsuffi- 
Z nt lZ secondary electron emission to occur from the surface of 
the plate, the plate current increases as the plate voltage is incre- 
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Fig. 14. /„ I.— (4+« « * funC,i0D ° f Pla ' e V °" a8 '- . 
ased. When the plate^h***^* thecunris'show reduction in plate 

plate by the impact o ca\\td dynatron effect. Although 

city. The ph *£u when the tube is used as an amplifier yet it 
this is undwwbte when ^ ^ of oscil | at0 r. As the screen 
may be utilised effect! y , these secondary electrons 
voltage is higher than P£“ ™ d »^ thus ir creases screen cur- 
will be attracted by the «r g p | ate vo „ becomes 

tent at the cost * bese electrons are returned back to 

r-pl^-cot increases. 

c i PENTODE TUBE : 

' The dip in the plate *fJ&r*whVTSSteSS'S 

limits the voUage-vanauo 8 tbe plate current curve another 
operated. To avow in P i# insc rtcd between the screen 
electrode, called the suppre.so g potential The secon- 

grid and plate h W ^ C u ' S 0 f the cLIh^k po.enrial of suppressor grid 
dary electrons because of th . (elimi nated aS shown 

ITfiSu*»«“““«“ 

pentode. havinR cathode, control grid, 

Thus pentode is a^vacu shown in fig 15 

screen grid, suppressor grid and pm 
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Fig. 15 (a) Symbolic rtprcsen- Fig. 15 (h) Plate characteristic of a pentode, 
tatioo of pentode. 

In normal operation the cathode is operated near ground 
potential, the control grid at a small negative potential, the screen 
grid at a relatively large positive potential, the supperssor grid at 
the cathode potential and the plate at the screen potential or a 
more positive potential. 

Circuit for obtaining the static characteristics of pentode is 
Bhown in fig. 16. Starting with zero voltage on the control grid 
and screen at 100 volts, values of plate and screen currents are 
noted as the plate voltage is increased from zero to maximum 
working value. The test is repeated for various negative values 
of control grid potential. The family of curves is obtained on 
plotting plate current against plate potential for various negative 
control grid potentials. 



Fig. 16. Circuit for obtaining the static characteristics 

of pentode. 
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To see the effect of suppressor grid voltage, it is connected to 
some voltage source fig. 17. Various voltages to the suppressor 
grid are applied. The plate and screen currents thus obtained are 
plotted as a function of plate potential as shown in figure 18. 

The tube parameters for 
pentode tube are defined in 
the same manner as for 
triode or tettpde. Due to 
the high screening action in 
pentode, the amplification > 

factor of the pentode is ex- $ 

tremely high, of the order of 
1000 or more, the plate rests- " 

tance is also high. It can ^ 

also be verified from the £ 

curves of fig 15 b. that they ^ 

have very small gradient so ° 

plate resistance and ampli¬ 
fication factor are high. The . . _ 

value of is not markedly Fig. 18. Static characicr.st.es of 
different from those of pentode showing the effect of suppressor 

tetrodes or triodes. 8 rid voltage 




(Sl/fl \Z0UA6£) 


SV«0 




4f 5V= 100 


PLATE POTENTAL 


Secondary Emission Ratio : The number of secondary elect¬ 
rons produced at an electrode is proportional to the number of 
arriving primary electrons and is affected by the electrode voltage 
and its surface cond.tion Therefore secondary emission coeffici¬ 
ent AT. for certain anode potential and surface cond.tion. “defined 
as the ratio of the number of secondary electrons. n„ emitted per 
second from anode to the number of primary electrons. n„ arriv- 
ing at the anode 

or N= n, 4 

For the determination of secondary emission ratio, suppressor 
orid of tube 6SK7 is used to collect the secondary electrons emit ed 
from the anode. The anode potential is fixed at a certain value 
(sav 100 volts) and screen grid is given about half the potential 
of the anode. The con rol grid is kept at cathode potential. 
Suppressor grid potential is varied from -40 to 100 volts. I.e. 
upto plate potential. 

The anode current and suppressor grid currents arc plotted 
aeainst suppressor grid voltage. The curves obtained are shown in 
liture 19. The straight part of suppressor current curve AB CD. 
EF are extrapolated as shown in figure 19. Kl. represents the 
prinurv current to the suopressor grid and KP the total cut rent in 
the anode circuit. ML represents the secondary emission current. 
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Since the currents will be of the same ratio as the namber of 
electrons, secondary emission coefficient N is given by 

S ~LP• 

If the electrode surface i 

has been specially treated / 

to resist secondary emiss- / 

ion, N ie. the ratio of / 

secondary to primary / / 

electrons is much less than PtARPCVTOFf / / 

unity, being of the order PENTODE ^ / / 

of 0-2 to 0 1. 

Uses of Pentode. 

(1) As plate resistance and / / 

amplification factor are *2SSjSf /rofiF / / 

high, so a pentode can be E TODE / 

used as voltage amplifier. / / 

(2) Pentode can be / 

used as mixer or frequency / 

converter. ■ ■ I ir " - < - 

(3) Specially designed *£<*™E QR/D VOLTS O 

pentode (i.e. t keeping spa¬ 
cing between control grid F ' 8 * 20 * Variab,c n pentode characteristic 
and cathode small and r ? . sharp cut -° ff 


KMOTE CUTOFF 
PENTODE ^ 


NEGATIVE &UD VOLTS 


cing between control grid F ' 8 * 20 - Variab,c n pentode characteristic 

Si Sf S?L r? H and pcmode'charicieristic*' arP CU '"' 1 

gndwire5 sma| l) can be used as a wideband 
amplifier or video amplifier in television and radar. 

(4) This can be used as suppressor grid modulator. In this 


PLATE mUAMPER&S 
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case the modulating voltage is applied at suppressor grid while 
the carrier is applied to the control grid. The suppressor grid is 
used for controlling the plate current. 

5 . 3 .I VARIABLE PENTODES (Remote cot-off pentodes) : 
To accommodate large-amplitude signals without ^tortion which 
arise due to plate current cut-off, remote cut-off or the S ra r^ J 
cut-off characteristic of the tube, as shown in figure 20 , 

Since the amplification factor largely depends on the 8 P ac,n *. 

the control grid wires, a non-uniform control grid structure (varying 
Stch between grid wires) will result into the constract.on of vana- 
ble-mu tube. Control wires are kept closer near the centre whi 
high at the ends. When the control grid bias is increased plate 
current cut off will reach at the control 

high u while the central portion of the control gnd (low win 
still permit the flow of plate current A further increase in bias 

will also reduce the flow of electrons through ihe cental portion 

3 consequently the amplification factor decreases ^Mderab^ 
Thus in order to obtain complete plate current cut-off, the bus 
should be very high. 

In various circuits, it is desired to control the gam 0 !the 
amplifying stage by the signal strength. This va . na ^|* **.. 
teristi/is helpful in providing such automatic gam control.. 

5 4 ‘ w^haveltuShlt^upprcssor grid is used .0 reduce .he 
pentode In ^his tube the secondary em.ss.on ts reduced by util. 

*** £%%* 



Distance X 

Fig. 21. Potential distribution curve of a beam power tube 

. , hetween screen grid and the plate The cle- 
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charge at some po.ntin the region between. acreen gndand plate 
reaches a very high negative value, thus reducing theP 0,e “£' •* 
that point far below the plate potential. This lowvoltagesurface 
acts as a suppressor grid and eliminates the effects of secondary 
emission. The potential distribution curve is shown in fig. 21. 

Beam power tube is designed so that the electrons move from 
cathode to plate in dense sheets. The effect is achieved by making 
the control grid and screen grid of the same pitch and aligning 
the grid wires. The electrode structure of the tube is shown in 
fig. 22. 



Fig. 22. Cut away view of thj electrode arrangement iu 
a beam power tube. 

A negative potential is established in the region between the 
screen and the plate by securing a high electron density in this 
space. This dense negative charge sheet serves the same purpose 
as the suppressor grid in the conventional pentode. The potential 
between the screen grid and plate is depressed enough so that se¬ 
condary electron flow from plate to grid is suppressed. Since there 
is no physical suppressor grid, the phenomenon of electron dis¬ 
persion around suppressor grid wires is eliminated and hence the 
rounding of the knee of plate characteristic is avoided. 

The plate characteristics of a beam power tube are shown in 
tig. 23. It is seen that the curves are essentially free from secondary 
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f it 23 Plate curreot-plate voltage characteristics 
of a beam pt^er tube. 

• j Another difference from pentode characteristics is 
emission <J'P 5 - * n °‘ rises mo re rapidly with plate voltage at low 
that the plate current relatively low screen current 

P ,ate PO'^n'Ivoe Beam power tubes are therefore highly efficient 
°f this ' u ^ e '^ ovcr a w ide operating range. 

"co EFFICIENTS OF SCREEN grid. BEAM AND REN- 

’ required to define completely all the character- 

T he constants reeju ^ ^ more electrodes are large in 
istics of the tube cons. Me 8 d int0 thrc e types : the dynamic resis¬ 
tance of various electrodes (screen and plate), the mu-fac.or and 
‘he “ans^onductance^ es . 5 t aoce ; ^c resistance offered by 
V , dfto'a small increase in applied voltage is called dyna- 
‘^o'eSrode resistance. For pentode, tetrode and beam power 

t Uk ' ilCanbe t ^;j^ (Cl ander,consUnt. 

Plate resistance ■ 

• ,a,rr r = ( — e<, and ec, constant, 

Screen resistance 

a » renresent the plate, control grid and screen 
'• “ i ,h ‘ p, *“ 

currents. 
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Plate resistance of pentode, beam and tetrode under usual 
operating conditions is very high (of the order of meg^ohms 
while the screen resistance is moderate (about four or hve times 
the plate resistance of the same tube used as a triode). 

2. Mu-factor: In pentodes or similar tubes, the relative 
effectiveness of control grid and screen voltage on the pl*te current 
is represented as jx factor. To express mathematically, n factor ot 
electrode l relative to electrode 2 with respect to current in elec¬ 
trode 3 in a given tube will be 

** [dej/, constant 

where 7, represents the currents of electrode 3. Generally in pen¬ 
tode, beam and tetrode tube, two ^factors are of importance, one 
concerning the control of plate current and the other regarding the 
control of total space cur.ent by the control grid and screen vol¬ 
tage. The former one is called amplification factor and latter is 
teimcd as cut-off amplification factor because it determines the rela¬ 
tive screen and control grid potentials for which plate current cut¬ 
off is reached. 

3. Transconductance : In a general way, the transconduc- 
tance is defined as the change of current to electrode 2 caused by 
the increment in voltage appliei^to electrode 1 , i.e. 

. - d Ji 

gm de{ 

The important transconductance, even in pentodes, tetrodes is 
from control grid to plate which is almost the same as that of a 
triode and has nearly the same numerical value 
5 6 . DESIGN CONSIDERATION .>F POWER AND HIGH 
FREQUENCY TUBES : 

At very high frequencies, the important effect-known as 
transit time efTcd (see oscillators)—limits the design for negative 
grid operation at such frequencies. The characteristics for the 
design are: 

( 1 ) to provide high transconductance in proportion to elec¬ 
trode capacities and to minimise transit time effect, (he spacing 
between electrodes must be quite small ; 

(2) to minimise power losses in the leads and lead inductance, 
short leads of relative large diameters should be applied, 

(3) suitable electrode and lead arrangement, so as to facilitate 
operation with resonant transmission line, 

(4) for the tubes to be used at high voltage, the structural 
arrangement should be such as to provide sufficient amount of 
insulation, and 

(5) the tube should be designed such that there can be no 
stray electrons for which the ends of the tube structure should be 
closed. 
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The tubes used in power amplifier must bear the correct capa¬ 
bility of dissipating plate and grid losses in proportion to the 
desired power for which cathode emission aod the voltage which 
can be applied to anode with safety must be ir nroportion to the 
tube power output 

In power tubes, during operation, the grid current flows which 
causes power dissipation at the grid of the tube Consequently, the 
griS wire material chosen for power tubes should be tungsten, 
tantalum and molybdenum. 

5 7. CATHODE RAY TUBE OSCILLOSCOPE : 

Now a-days cathode ray oscilloscope is u<ed for a number of 
purposes such as measurement of current, voltage, observation of 
waveforms of alternating voltages, recreation of television images, 
as indicator in radar for usual presentation of target data such as 
distance, height etc. 

It consists of the following main constituents: 

1. Cathode ray tube. 

2. Power supplies. 

3. Time base circuit. 

4 Deflection voltage amplifiers. 

We shall discuss these constituents In cathode ray tube, the 
deflection of electron is governed by electric and magnetic 
fields and hence we would first like to discuss the motion 
of electron in electric and magnetic fields. 

5 7-1. MOTION OF AN ELECTRON IN PARALLEL PLATE 
DIODE : 


(a) Zero initial velocity: c . . 

Let figure 24 show the simplest diode configuration hav¬ 
ing parallel plates at a distance d apart. Let a potential difference 
Vbe maintained between the two plates such that the direction of 
electric field is in the negative ^-direction. As the electron is nega¬ 
tively charged, it tends to flow from cathode to plate. Our problem 
is to consider the motion of an electron under, the following 
boundary conditions : 
velocity of the electron 
d x n 
v =di =0 

% and .=0 when f=0. 

We know thai the potential 
V and the electric intensity E 
are related by the relation 
zr dV 

E ='Tx 

or dV=—E dx. ...(1) 

Again the difference of po- Z 
tent ill is defined as the amount Fig 
of work done in moving a unit 



24. Motion of an electron in 
parallel plate diode. 
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positive charge from one plate to another i.e, f 
t dV= V=-^ Edx*=-Ed 


or 


*- r r 


..( 2 ) 


The force exerted on the electron having charge Q. (-1’6X 10'" 
coulomb) in electric field E will be 

F=Q,.E=—Qi j ...(3) 

But according to Newton’s second law of motion 
Force=massx acceleration 


crx 

PmmX dt» 
where m is the mass of the electron. 

From equations (3) and (4), we have 
<Px n V 
m df> = - Qt T 


...(4) 


or 


d'x 

dt*' 


Q*V_ 

m d 


Also 


<Py -i 

dt'=dt'-"' 


Integrating equation (5), we get 


vJ %r = 


..(5) 

—CO 


where Cj is a constant of integration and can be obtained by 
applying the boundary condition i.e. 9 v=0 when r«=0. The value 
of C x comes out to be zero. Hence 


to Q* v t 

dt -m * 


.48) 


Integrating once again, we have 

M-&* 


x=-l^* + C,. 


...(9) 


Again Q=0 as x=0 when f=0. 

Thus the distance traversed by the electron in time t is given 

»—jfis*? 

md ...(10) 

n i at / r h ® l ! mc uke ? ty the electron to move from cathode to 
p lc can be obtained by putting x=d and t=t, in equation (10), 


by 
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i.e.. 


or 


QZH 

m d 


H=£r) 


>/* 


d. 


...(H) 


Similarly, the velocity t>„ with which the electrons strikes the 
plate can be obtained by putting t=t v and v=v 9 in equation (8), 


i.e. 


Q.V . 


v v =-— j-. t ? 
m d 


Substituting the value of t v from equation (11), we get 

-(-«)(=£*)“* 

The kinetic energy with which the electron strikes the plate is 

Q.V. ... (13) 

For an electron Q 9 = — 1*6x 10~ lf coulomb, and 
m=91l xlO #l K. gra. 

/. t> p =5*93x meter/sec. 

(?) With a definite initial Telocity in the direction of anode : 
Let Vi be the initial velocity of the electron in the direction 
from cathode to plate. The boundary conditions are 

x, y , z, and ^ are zero at time r=0 


at time f=0 


dx V 

dT= Vt 

Now from equation (5), we have 

(Px_ OK 

dt l md ' 

Integrating this equation, we have 
dx Q ‘ V t+C 

df—m-r r+c# 

where C, is the constant of integration. 

Now ^ =Vi when #=0. 

. at * ' 

Hence C 9 =v t . 

Substituting this value in equation (14), we have 
Again integrating, we have 


...(14; 


...(15) 


*= K-. Y+vi t+C.. 
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But x=Q when f-0, hence C«=0. 

Q, V 0 

X ~ m d‘ 2 +T,t ' ...(16) 

v v may be determined by applying the principle of observa¬ 
tion of energy, i.e., 

i mv v *=-Q 9 V+\ mvi* 

2Q - V +* f 


or 


’’=( 


'V m / 

Average velocity from cathode to anode is given by 

- V 9 +Vj 
2 # 

time of flight from cathode to anode 
f - d 

(®f+®i)/2 


...( 17 ) 


...( 18 ) 


Example 1. In a diode , the anode is at 120 volts with respect 
to the cathode and spacing between the anode and cathode is 5 mm. 
Assuming an electron to be emitted with zero initial velocity, calculate 
the velocity and distance travelled after 0*4 x 10 -9 second. Also cal¬ 
culate the above quantities if the initial velocity of emission in the 
direction of anode is 15xl0 9 metres I sec. 

(а) Zero initial velocity : 

The velocity v of the electron after a time t sec is given by 

Q,v 

m d U 

Now for an electron Q,= - |-6x 10‘ 19 coulomb, 
w=9'll x 10" M k. gm. 

According to the given problem : 

P=120 volts, d=5 m.m.=5x I0~ s meters, t=0 4x 10' 9 se 
A „_ 16xl0-‘»x 120x0 4xl0- 9 
9'MxlO-“x5xi0-* 

=169 x 10* meters/sec. 

The distance x is given by 

x= _e. y_ f* 

m d ' 2 • 

I’6x 10-»x 120x(0-4x 10-V 
*‘1XIU— x5xlO- s x2 — 

=0-338x10-* meters. 

(б) With initial velocity e,=15x 10* meters/sec. 

Q.V 


—Sfr**-* 
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and 


1-6x 10-»xlMxflMxJO-*) ( ,. 5xW) 

=- 911 xlO-*‘x 5x10"* 

=319xl0 2 meters/sec. 

X =-± V T U« 


HI “ - 

i-6v l 0 ~ 19 x 120 x(0'4x IQ" 9 ) 1 

= “ o 11 x I0“ ai x 5 x x t 

+(1’5 X 10* X 0*4 x 10" 9 ) 

«0*938x10-* meters. 

Example 2. An electron starts at «* fiomtl £ negauve plate 

of a plane P ar ? l ‘ e ‘ c “ P %j %, e f /, p5 cm. How far has the electron 
The distance between the plate instant the 

travelled wbe ",J reversed in sign and changed to 1,500 «/«. 

p fi7d7e voltage 'against which the electron would move. 

We know that 

■A 1J ^F) 


The electric field strength 

y 1000 volt 

“ rTx lO" 2 metre 


or 


d | 3 X IV - lutiiv . 

Let the distance travelled by the electron when it has acqmred 

iooo Y ,f 

0»=.(2xr76xlO“x r5OTi Jt ) 

Solving for x, h » ve 

r—0*42 cm. , 

. 1 ae reversed the electron is acted upon by a 

V 1000 __280 volts 

£ r =j-.x=-p 33 < 10 -* x 100 

& .„p« 3 . * f^rr«*s»s« 

plates of a P aralIel /l a h e a f electric field as shown m figure 24. Ca/- 
its motion is ret ?f de i b fa? tn hr ;L /> ro rest in a distance of 4 cm. 

5ft r sssitts.a «« 10 
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(b\ the Initial velocity of the electron corresponds to a kinetic energy 
of 100 eV. 

When the electron enters the plate it is acted upon by a retar¬ 
ding force in the opposite direction of x The equation of motion 

d*x „ „ 
m -di* = ~ Q ‘ E 


or 


dv 

*'dx 

Integrating, we have 
e* 

T 


Q£ 

m 




Assuming that the electron enters with a velocity u t the initial 
conditions at t=0 are x=0 and v=u. 

• r- u% 

C ~2 

. , .velocity of the electron at a distance x from the left hand 
piaic is given by 


or 


T 




20 . 

m 




or 


(a) When x=4 cm., e =0 and u=6x 10 ’m/sec. 

2 0. Ex 
m 

. mu ' _ 36 x 10 1 * 

20.x 2x 176x 10 u x 004 


u*= 

E- 


=256x10* volt/metre. 

10ft is given'by 31 velocit ^ of ,he electron corresponding to 

imu’= 100 x 0, joules 
u=V[2xlOOx(0./m)] 

=V(2x lOOx 176x 10 n ) 

=5'94x 10* m/ sec. 

; E _ '"u 1 _ (5-94x10*1* 

20.x 2xl-76xl0“x0 04 
=250 KV/metre. 

Example 4. In a high vacuum parallel plane plate diode the 
spacing between the anode and cathode is 8 * de ,he 

alternating voltage of amplitude 1 volt and frequency 5 xWcZbft 
second is applied between the electrodes. An llectron start?from 
rest at the cathode surface at the instant when anode to cathode a ” 
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voltage is zero and is going i" Lf^fiom^cathade at the end of 

and time of travel 

of electron on reaching the anode. 

The square wave of amplitude 1 volt is shown m fig- W- 



Half of the periodic time 
1 

: Zx?xW 


,10- 8 second. 

At the end of first^ half cycle l.e., at A 

Qj Y- r 

velocity v i m d ' 

l-6xl0^1 v _L-xlO- 8 metres/sec. 

=+9 T nno r5rX 8x 10 

=0 22x 10* metres/second. 

Distance travelled during firs, half cycle 

'-Jj^*^*'***** 

— 1*1 mm. . .. . 

, -.v v .=0 and distance travelled 

At time f,. y therc is retardation equal to the 

ssssfffiasstf—* 

Similarly, =0 . 2 2x 10* metres/sec. and x,= 3x,=3-3 mm. 

at time t„ e« » metres/sec. and x,=7xi=7'7 mm. 

SUncc=(«-7-7,=0-3 mm=3x!0-‘ metre. 

For this distance, we have 

distance=-!‘j. r +*' *herev,=e, 



3xlO-«= —(- , ' 6X, °- 1 ’ 
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_ \ _L_ t 

9-1x10"" r 8xl0- 8# 2 

+0-22x10® t 

Solving this equation for r , we get 

/= 1-852 x 10® second or 0*1474 x 10“® sec. 

The first value is inadmissible, hence /=0i474x 10~ 8 sec. 

Now total time=7T474xlO" 8 second. 

Velocity on reaching the anode 

,J—i-.fi x IQ- 1 ® x ( "^X0-I474xl^ 

91 x 10" sl x 3xl0-® XU14/4XI ' / 

+-(0*22 x 10®) metres/sec. 

= 1-876 X10® metres'sec. 

Example 5. In a high vaccum parallel plate diode , the distance 
between anode and cathode is 1 cm. Between anode and cathode is 
applied a square wave alternating voltage of amplitude 1 volt and 
frequency 100 MHz. An electron starts from rest at the cathode at 
the instant anode to cathode a.c, voltage is zero and is going in the 
positive direction. Find the position and velocity of this electron at 
the end of (i i positive half cycle and (it) subsequent negative half 
cycle. Find also above quantities if a 3 volts dx. voltage is connected 
between anode and cathode (positive at the anode) in series with the 
square wave ax. voltage. 

(1) With square wave A.C. voltage only. 

(i) Since the frequency of a.c. voltage=100 MHz. the half 
time period of the wave is 5x 10”® second. 

During positive half cycle, the displacement x of the electron 
is given by 


=-i 


m d 
(-1*6x10-*®) 


1 


X(5xl0-®>* 


(9 l x 1 U- JI ) x 110“*) 

, . =0 2199 mm 

velocity after first half cycle is given by 

Q* v ( — !’6x 10” 1 ®) 1 

m'd (9 Ixl0- S1 ) X (10' ! ) 

o, X(5xl0-») 

=8-795x10* m/s. 

and lln^ rin xk he . nega,ive half cycle, the retardation is equal 

cycleTs P the skmT he ? ravelled durin 8 this negative half 

cycle is the same as travelled during the positive half cycle Hence 

2xT!l 9 mm- S* ^ 1°'*' 

xu mm -0 4398 mm and velocity becomes zero. 

(2) With superimposed D.C. voltage 
» . (!) during the first positive half cycle, the net anode to rat 
KVol 86 15 V ° t$ Whl,e duriag negative half cycle, the voltage 
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During positive half cycle, the displacement is given by 

, q. y ., 

*>=-*«• d A 

. (—l- 6 x 10 -1 *) 4 

=-i >1X 1 0=57 •Cro=i)- (5x 10 i 

=0 8796 mm. 

Velocity at the end of positive half c y c,e 

Q, V ( — l-6xl0~ 1 . 

7 J ~ ~ (9-1 x 10-*r x 10’ s ^^ [ ' 

=35 180 Xl0‘ m/s 

During the negative half cycle, the initial velocity 
„,= 35 - 180x10* m/s 

The initial displacement x,=0'8796 mm. 

Velocity at the end of negative cycle 

„,= _£*. £.»+•i 

1 m d 

=(l-76x 10 u ) / i o = ij x (5 >< 1° ’) 

v +35-180 x 10 4 m/s 

=52 77 xlO 4 m/s 

Distance travelled at the end of negative half cycle 

=(l-76xl0")X (T |rr ) . - X i— 

+(35 180x 10 4 ) (5x 10- # )+0-8796 mm. 

=2 1967 mm+O-8796 mm. 

=3 0763 mm. _ 

5 . 7.2 MOTION OF AN ELECTRON IN A CONSTANT 
MAGNETIC FIELD : 

Let the uniform magnetic 
field be applied on the right hand 
side of the line OO such that the 
flux density B is perpendicular to 

the plane of the paper in which 

the electron moves with a cons¬ 
tant velocity v. 

As a moving charge consti¬ 
tutes a cuirent, the moving elec¬ 
tron constitutes a minute electric 
current of magnitude (-*>{?#) and 
is deflected by uniform magnetic 
field. The direction of deflection 
is given by Flaming’s left hand 


n M4GH£T/C fi£U) 



» * /» NKK**X* 

/£l£CTXO* 



Fig. 26. Path of electron in uniform 
magnetic field. 
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rule, which is perpendicular to the plane contaming the direction 
of the magnetic field. As the electron is deflected in a duecnon 
perpendicular to its instantaneous direction of motion, it describe 

a circular path. ,. 

Since the force on the electron, due to the njWMtwfiddM 
perpendicular to the direction of motion of theelectronnowork 
is done by this force on the electron. Due to this fact the kinetic 
energy and speed of the charged particle do not change. 

The force acting on the charged particle is given by 

F=—BQ.t -ll) 

where » is the velocity of the particle. 

The acceleration due to this force is t>*/r, where r is the radius 
of curvature of the path. Further 

...( 2 ) 


F= 


mv l 


Comparing equations (1) and (2), we have 


?y- = -BQ.v. 
mv 


or t= ~bq; »(3) 

As the velocity of the electron remains constant, Q, and m arc 
also constant, the radius r is constant provided B is constant. Thus 
the path traced by the charged particle is a circle. 

Now 

linear velocity 

angular veloc.ty= radjus of curvature 0 f p«E 


v 0»B ,. . 

tu = — = — -— radians/sec. 
r m 

The time period T for a complete revolution is 

2tt 


..-(4) 


_ 1 2s 

T ~ f “2 nf 


CO 


-(=©>) st ““ d - 
We know that for an electron 
m = 911 x 10 -31 k. gra. 

Q e = — I6x 10" 19 coulomb. 

2x3-14x9-llxlO-” 35-7x10-“ 


• ••(5) 


second. 


•* l-6xlO“ 19 xB a 

where B is the magnetic flux density expressed in Weber’s per 
square meter. 

Example 1. An electron moving with a velocity 10 8 meters per 
sec. enters a magnetic field at an angle of 20° to the direction of the 
field. Calculate 
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8 

path, and 

(c) the pilch of the spiral. 

(a) The force acting on a charged particle is gi y 
' F=B(~Qc) «'='»• a 

v* sin* 0 
fl= r - 

w, «* sin* (—ft.) v sin 9 
m, a=-; * v 

m, v sin 9 9x 1Q-»X 10* sin 20 

or b== 7T-C«) _ 2 x 16 x 10 -“ 

V =9-6x10-* wb./sq.m. 

» **-? SfflKS 

velocity component paralW to x 10 i m/sec. 

2nm. 2n __ ___ I _ r7 —=3 67 x 10' 7 sec. 

T =fl z Q.) =9(,x 10^ 1 76 x 10 

(c) Pitch of the spiral-**-® cm Mxr^ ? ^ 1Q _, 

=3451 metres. 

«. j*5rsSS^ ,sw " ^ 

”• V £££££ » ■*» * • 

out of the electrostatic field is 

o= II U-Q>' V \ 

JvW-l”*X 10 l, )=0'593x 10* y/V-m/KC. 

The radius of the path is given by 

m e v 
-Qe) 


V= 


B{ _ 

B (-Qe) r_ 
m. 


• • TTla 

or 0-593x10* V^= 5 °X 10 _, X 176x 10 U X0-002 
or 0 5MXi v r<nv i n -. x i-76xl0 ll x0 002 1* 

V=\ --—TTwTTTn* I 


I 


T29-7P- 


0 5 v 3 xlO* 
:880 volts. 



(ii) o=L -Q£ —s=l*76x 10 u x 50 x io- 8 

=88x10® radians/sec. 

5*7-3. MOTION OF AN ELECTRON IN ELECTRIC AND 
MAGNETIC FIELDS AT RIGHT ANGLE TO EACH 
OTHER. 

We shall now consider the motion of an electron in electric 
and magnetic fields at right angle to each other. Let the election 
be situated initially at origin and at rest so that the components of 
velocity in three directions are zero. Thus the boundary conditions 
are 

(i) x=y=z=0 when /=0 

(ii) t> r =r,=t>,=0 when f=0. 

If the electron starts from rest in such a crossed electric and 
magnetic fields, first of all it will be accelerated in the direction of 
electric fields and then, with increase in velocity, gets deflected in a 
direction perpendicular to the plane containing the electric and 
magnetic field vectors. Let at any subsequent time v., v y and v a be 
the components of velocity in AT, Y and Z directions respectively. 
Considering the electric field along Y axis (potential increasing with 
+vc Y) and magnetic field along Z axis, the equations of motion 

are m d £=Q. E-BQ.v t 


dt ...(1) 

dv x 

m dT= B Q‘ v ' ...( 2 ) 

m d, - 0> ...(3) 

because : 

(a) due to the existence of B in Z direction and the velocity 
of electron in X direction, a force of magnitude —BQ 6 v x will act 
in Y direction, 

(b) due to the existence of B in Z direction and the velocity 
of electron v y in the Y direction, a force of magnitude BQ 0 v v will 
act in Af-direction, and 

(c) since the Z component of velocity v, of the electron and 
magnetic field B arc parallel to each other, there will be no force 
in Z direction. 

From equation (1), we have 

QcE BQ 0 

-— v x =a-wv x , 

dt m m ...(4) 


a—ujv xt 


where 


and (o= 


and equation (2) becomes 
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(hx BQeVf 
dt 


m 


-OJVtf. 


...(5) 

Differentiating equation (4) and substituting the value of 
from equation (5), we get 

lPv v dv x . 

—— = — U)*V V 

dt 2 dt 


or 


p+u,h,=0. 


...( 6 ) 


The solution of equation (6) is 

v,=A, cos wl+A t sin wl, _ — (7) 

where A, and A 2 are constants and can be determined by applying 
the boundary conditions. 

When /=0, v v =0, then 

0=/*! 

.\ v 9 —A, sin wt 

Differentiating equation (8), we get 


...( 8 ) 


=A 2 co COS wt. 
dt 


...(9) 


From equation (4), when r=0, *,=<) /.<. £-«• Substituting 
in equation (9), we get 


a=A z w or A 2 —— 


sin wf. ...(10) 

Integrating equation (10), we have 

f iL = - f sin cur dt 
J at w J 

y=—~ cos wl+D 

w* 

When t= 0. y= 0, hence 

j>-Jr (1-cos cur).. (11) 

The corresponding value of x, as obtained by integrating 
equation (5), is 

x = -rr (cof —sin aif). •••(12) 

or 

The path of the electron is given by equations (11) and (12) 
and is shown in tig. 27. 
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Fig. 27. Path of the electron In combined electric and magnetic 
fields at right angle to each other. 


5-7-4. CATHODE-RAY TUBE: 

This is a special type of tube among vacuum tubes which 
makes use of the geometrical form rather than the intensity of its 
electron stream and converts the energy of its electron stream into 
a visual indication. 

In physical size the ordinary cathode ray tube ranges from 3 
to 5 inches in diameter. The tubes operate-w.th a beam accelera¬ 
ting potential between 800 to 10,000 volts. The tube is evacuated 
to a pressure of about 10 -'mm. or 10-’mm. of mercury. The 
electrode arrangement in a cathode ray tube is shown in fig. ( 26 ). 



• ig. 28. Cathode ray tube. 

Cathode ray tube consists of three basic components : 

1. the electron gun, which produces, accelerates and focusses 
the emitted electrons into a narrow beam, 

2. a deflecting system , which deflects the electron beam cither 
electrically or magnetically inaccordance with the phenomenon 
(voltage or current waveform) to be displayed, 

3. a fluorescent screen , upon which the beam of electrons 
impinges to produce a spot of visible light. 

The electron gun : The electron gun consists of a cathode, an 
accelerating electrode or grid, a focussing anode and a final acce¬ 
lerating anode. The electrodes are in the form of cylinders sur¬ 
rounding the cathode. The filament emits electrons and the control 
grid is used to concentrate the electrons emitted by filament 
because they have a tendency to spread cut due to the force of 
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mutual repulsion betwen one another. It is eharged negatively 
with respect to the cathode by the power supply The applied 

s. “ d sir, 

thin dense beam, i.e. these positively charged e'ec rodes 
only to accelerate the electrons, but also to form them 

“"ZSg: The convergent beam from 

has a tendency to spread because of the mutual repuls.o 1 

the electrons' Hence some focussing 

the beam to a sharp focus at the screen. Two methods ouoi 

ing most commonly used are : 

(a) Electromagnetic focussing. 

( b, Magnetostatic focussing. 

(a) Electrostatic focussing : The anodes 

provide an electron lens system JETk?m a t a higher positive 
spot on the fluorescent screen. Anode 2 is kept at a n.gnc p 



(b) 


Focussing action of the electric 
field. 


(a) Equipotential surfaces due to 
two cylindrical electrodes. 

potential than 

f, P The dectrosL™ field between them is shown by its eqmpo.cn- 
tial surfaces. 

Let the electron strike the equipotential surfa^ normally at, 

is 8ivcnby - c<grad K 
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Grad V is acting normally to the surface at A hence the direc 
tion of the electron motion remains along the Af-axis but it is 
accelerated. 

Now let the electron strike the equipotential surface at a point 
C with velocity t>*. A force / 2 =— Q 0 grad V t acts on the electron 
in a direction CS normal to the equipotential surface V v Due to 
this force, the direction of motion of the electron as well as velocity 
are changed. The velocity increases and the direction will be along 
CD. Thus the path is some-where in between the direction of the 
initial velocity and direction of the force. In this way the beam is 
bent towards the axis of the cathode ray tube as shown in (fig 29 b). 

The focussing action of the electron lens depends upon (i) ratio 
of the diameters of the cylindrical electrodes, and (ii) ratio of the 
electrode potentials with respect to cathode. 

(b) Magnetostatic focussing. The electron beam may also be 
focussed by a magnetic field achieved either by permanent magnet 
or by passing current through a coil of wire, the axis of which 
coincides with the beam axis. This method is known as magneto¬ 
static focussing. On account of the advantages of the magnetostatic 
focussing over electrostatic focussing, it is used in television, 
where a sharp focus over the whole screen is highly desirable. The 
principle of magnetic focussing is shown in fig. 30. 


3H0K7 FOCUSSIN& COIL SCfiElH 




Pip. 30. Focussing action 

of a short focussing coil. 


(b) End view 
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Deflection system : - Next to the focussing system, there are 
two pairs of deflection plates. One pair of parallel plates is kept 
vertical, while th5 other pair of plates is kept horizontal. The pair 



(a) Top view 



Fig. 31. Horizontal deflecting plates. 


producing the horizontal deflection of the spot is called the hori¬ 
zontal or A'-plates while, the other pair causing a vertical displace¬ 
ment of the spot is called the vertical or Y-plaies. The deflecting 
voltages are applied between the two plates of the pair concerned. 
Figure 31 shows a pair of metal plates that makes possible control 
of the electron stream in a horizontal direction. The plate P is 
made positive and P' negative, the electron passing through them 
will be deflected (curved) towards the positive plate P. The resul¬ 
ting light spot will, therefore, move to the side screen. 

Fluorescent screen : To make the screen fluorescent, it is 
coated with calcium tungstate, zinc silicate or some other material. 
When electrons of high velocity strike it, the energy absorbed by 
the treated suiface fluoresces or emits light so that a round spot 
glows on the screen, the colour depending on the nature of the 
screen material. 

5 7-5. ELECTROSTATIC DEFLECTION SENSITIVITY : 

It is defined as the amount of deflection (in mm or inch) of 
the electron spot produced when a voltage of one volt d.c. i» 
applied between the corresponding deflection plates. This is 
different for X and Y plates. 


Fig. 32 shows the configuration of electronic deflection systems. 
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Fig. 32. Electrostatic deflection in cathode ray tube. 

Let the length of two similar plates =/, 

spacing between two plates =S, 

distance of the plates from the screen = D, 


voltage applied between the plates = V+ 

velocity of an electron when entering the 

field of deflection plates=c. 


Now 


■ym 


..(i) 


where 0 .= -l'6x iO-”is the charge on an electron in coulombs 

m the mass of the electron and V c acce'erat.ng potential applied to 
second anode. Here it is assumed that the emimm w»l<xi ny of the 
electron from cathode is zero. Substituting for m and Q„ we get 
v=5'94xlOVf>'») tn./sec. 

The force of attraction F, experienced by the electron in the 
electrostatic field towards the positive plate is given by 
Force=mass x acceleration 


O 


, V t 

where £- -g 


or 


d r y 




where m is mass of the electron=911 X 10" 81 kg and 1*6 

x 10“'® coulomb. With the help of equation (2) the velocity and 
displacement of the electron can be calculated provided the initial 
boundary conditions are known. It is assumed that the electron 
reaches at 0 whose coordinates are x=0 and y=0 at t—0 . 



At the point O t v f =0 and v x 
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Integrating equation (2), we get 

dy d 


where C is the constant of integration. When f=0, v y =0 hence 
C= 0. Therefore 


. t 

•“ dt m.S 

Integrating again equation (3), we have 
But Z)=0 as y =0 when t =0 so that 


...(3) 


JVUUVW ~ y 

x=velocity x time= ^ 


...(4) 

Equation (4) gives the displacement of the electron along Y 

axis at any instant. . . , __ . . 

The distance travelled by the electron in time t along X axis is 

-iQ.v.Y'' 

~ .. (5) 

Eliminating t from equations (4) and (5). we have 
- Q t V d x.*m _ V d .x' 

'2 (-C.).^o 4 S.V a ..*( 6 ) 

This is the equation of parabola and hence the electron moves 
in a parabolic path between the plates. After the point T, it follows 
a straight path and strikes the screen at a point AT, the tangent 
NT makes an angle 0 with the Af-axis. (fig. 32). 

d 

From figure, tan 0- 


We know that tan 0 


or 


From equation ( 6 ) tan 0 =^- 

tan 0 


(D+H 2) 

P 

dx> tm i 
dy 


...(7) 


V d .x 


l-« 2 .S.V. 
V*l 

2.5. V a 

From equations (7) and ( 8 ), we have 

d V d l 


-•( 8 ) 


(Z)+//2) = 2.5.Ko- 

Deflection sensitivity=^=“-^ (0+//2). ( 9 ) 

Thus deflection sensitivity is , 

(/) directly pioportional to the length of the deflection plates /, 
(//) inversely proportional to the spacing S between the plates, 
(///) directly proportional to (J/+£), 
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(iv) inversely proportional to the anode voltage of the final 

stage __ 

5-7-6. MAGNETIC DEFELECTION SENSITIVITY : 

The magnetic field deflects the beam perpendicular to its 
direction of motion. The electron follows a circular path in the 
field (fig. 33). 



Fig. 33. Magnetic deflection system. 

Let the radius of the circle followed by the electron in the 

field=r metres. 

velocity of the electron =v metres/sec. 
mass of the electron=m k gm., 

the centrifugal force on clcctron=—^ 

The force F exerted on the clectroo by the magnetic field is 
given by 

F= — B Q s .v sin 0, •• (2) 

where B=magnetic flux density in webers/sq. metre. 

0 =angle which the electron path makes with the direction 
of magnetic flux. 

Q e = charge on the electron. 

If 0=90°, i.e. sin 0=1, then 

F= — B Q, c. ...(3) 

Equating the centrifugal force to that exerted by magnetic field 


mv 


r 


BQ, 


..(4) 
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Now the electron follows a straight line path as shown in 

figure 33. , , . , ($\ 

Total displacement t . .. - / 

The angular change in the direction of the electron after p 

ing through the magnetic field is given by 6 ; then 
sin & — 


Also 


d x =r—r cos 0 
«=r-iV(l— 1 sto* d ) 

—y( >4)- 

d x 

tan 0=0 ’ 

. _ sin 0 

d t =D tan 8=D 


Dl 

Dl_ 

Now d=r-r 7*) + 

If / < < r, then / and can be neglected. 

••• 

-DIBQ. _ 

= 71^1 

4 


M Dl DIBQ. 

Now t 


7F 


2K. 


m 


VlW) 


.. ( 6 ) 


. 47 ) 


•48) 


The deflection per unit field intensity 

i=- 77 ^ 7 >/(-Q.l m ) meter/weber 

is called the magnetic deflection sensitivity 
Thus deflection sensitivity is 

(0 directly proportional to flux density /?, length / and dis- 
.ance D between screen and field, 
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O'i) inversely proportional to the square root of the final anode 
voltage V a aad products of electron mass and its charge. 

The important uses of cathode-ray tube are in radar sets and 
ionospheric height measurements. In laboratory, these are also 
used for the comparison of frequencies and plot of B-H curves of 
iron. 

5 7-7. CATHODE RAY TUBE CONNECTIONS : 

Fig. 34. shows the connections for a cathode ray tube. 



Fig. 34. Showing the connections of cathode ray tube. 

The high tension supply for accelerating anode A u focussing 
elect!ode A 2 and grid is taken from vacuum tube rectifier. With the 
help of the resistances R }t R 2 and /? 3 used as voltage divider, 
proper voltages are applied. The positive potential applied to the 
lirst anode can be controlled by the potentiometer R 2 . so that the 
ratio of second to first anode potential is varied This varies the 
distribution of lines of force in the electrostatic lens between the 
anodes, and the focussing of the beam takes place. By varying the 
voltage applied to A 1% the size of t*. spot and intensitv may be 
varied. 


In order to make measurements with C.R.O one of the pairs 
of the plates is connected to a circuit kno\sn as time base. It 
provides potential of \ariablc fre- 
quency to be applied to say (.Y, .V) 
plates ; the spot on screen moves 
according to the frequency and 
voltage of time base. The time 
base e.m.f. increases at a uniform 
rate to a positive potential and 
then decreases suddenly to its 

Sift'/S" 8 ° ne CVClC 35 F « “■ Saw.,ooth waveform out- 
g ’ X P ul from a lime base generator. 
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In successive cycles, this linear increase and rapid decrease 
are repeated. Frequency used in time base in a linear time base in 
which the spot moves in X direction from left hand side to right 
hand side with a definite but variable speed and flies back rapidly 
after reaching the extremity of screen. 

Time base : There are number of time base circuits: 

(1) Neon time base circuit. 

(2) Thyratron time base circuit. 

(3) Hard valve time base circuit. 


oc 

Supply 


\A/£C* 

Jruss 

A' 


Fig. 36. Neon nme base circuit. 


(1) Neon time base circuit: 

The simplest time base +. _ 

circuit, shown in fig. 36, is { WtNmtt | 

made by placing a condenser i I 

C across the terminals of a oc C=t= 

neon lamp N> charging the . 'y >v 

condenser through a resistance 1 
R from D.C. mains and dis- *— - “ , 

charging it through the neon F>* Neon c,me base circuit. 

lamp. 

When high tension supply is switched on, the condenser 
charges up through the resistance until the voltage across it reaches 

the striking value (150 volts) of the neon lamp. Now neon lamp 

glows which short circuits the condenser and hence it discharges 
through the lamp. The process is repeated again and again, rhe 
neon lamp flashing at regular intervals depends upon the product 
of the values of resistance, and capacity, and when both are large, 
the flashing rate will be low. The voltage across the condenser is 
applied to the X plates. When the condenser charges up, the spot 
on the screen moves slowly in the horizontal direction until the 
condenser gets charged and then due to discharge through the neon 
lamp the spot is brought back instantaneously to the striking point. 
This sweep of the spot is repeated at a flashing rate of the neon 



Hg. 37. Generation of saw tooth voltage using neon tube. 
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lamp. The frequency of the time base can be calculated as follows : 
Figure 37, shows the charging and discharging of a condenser 
in-time base circuit. The periodic time T is sum of the time of 
charge 7\ and time of discharge or flyback period T x . As T 2 is 
very small in comparison to T x it can be neglected in calculation of 
periodic time. 

There is a definite striking voltage for neon to conduct. If the 
voltage is reduced, continuously, then at some stage conduction 
stops as ionisation ceases. This voltage is referred to as extinguish¬ 
ing voltage. These voltages are given as 

F.=£,...( \-e~ tJCR ) ...d) 

F.=E,.„( l-e~ ,JCR ) ..(2) 

where E d . 0 . is the voltage applied across condenser. 

From equation (1) 

-tJCR £#.«.—F t . 

* “ 

From equation (2) 

-tJCR E d .,.-V 0 
* — E d 

. i's-'i )ICR Ed...-?* 


or 


Ot-t>)ICR= log. 


and 


- V. 

TJCR= log. 

Since T 2 « we can have T cz T x 
T=CR log. 

1 


CR log. 


E d . e . - V s 


E d . 0 . - V. 

It is seen that sweep voltage curve is not linear, so that time 
base circuit can not be used in commercial C. R. O. 


(2) Thyratron controlled time base : 

A thyratron controlled time base circuit is shown in figure 38. 

The current in a pentode is almost independent of plate poten¬ 
tial above a particular voltage known as knee voltage. It is control¬ 
led by screen grid potential, which can be used as a fine frequency 
control. The capacitor C will charge up linearly via the pentode 
valve V x which is operated on the part of its anode characteristic 
above the knee voltage. As the pentode charges the condenser at a 
constant rate, the potential of the condenser and hence that of the 
Plate of thyratron increases also at a constant rate until the critical 
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potential is reached when the thyratron allows a discharge and then 
itself goes out of action since the discharging of the condenser has 
caused the plate potential to drop practically to zero. The charging 



Fig. 38. A thyratron controlled time base. 

action then begins again. In this way a 

is set up across of which the period is decided by the capac ancc 
C and the screen potential of the pentode valve ™e s mkmg 
potential of thyratron also depends on the potent al of hyratron 
grid. A safety resistance is usually put in the plate circuit °‘ 
fhyratron in the order to prevent it from passing ‘o° much cu^ent, 
which would damage the cathode by excessive .on.c bombardment. 

(3) Puckle's hard valve (vacuum lube) lime base : 

Fig. 39 shows a simple time base circuit d'S'gned by Pucklc^ 
This circuit utilises the constant current property of the pentode 
valve and gives highly linear sweep voltage. 



Fig. 39. Simplified circuit of Puckfe's hard valve time base. 

The condenser C, charges through the valve p arting as a 
resistance when condutmg. The voltage across C, increascs lmearly 
with time as the current through pentode K, remains con ® t ®“*‘ 

arts 

directly connected to the cathode of valve V 2 . 
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When the condenser C 3 charges, the potential of the point A 
falls with respect to the point B and as the plate of valve V t is directly 
connected to the cathode of valve V 2 , this fall in potential is con¬ 
veyed to the cathode of V 2 . Due to this fall in cathode potential 
of V 2 a current flows in it This current produces a potential drop 
across R, which lowers the potentials of plate of valve V 2 and 
suppressor grid of valve V x . This results in the fall of plate current 
of Vi and the voltage drop across R x is reduced. Now the grid of 
valve V 2 rises in potential. This increases the plate current of valve 
V 2 and the cycle is repeated. 

Thus the grid of V 2 continuously rises in potential while the 
cathode falls. This cumulative action is very rapid and results in 
a heavy current through valve V 2 discharging the condenser C 8 
through V 2 . This discharge continues until the initial condition is 
restored. The charge and discharge curves of condenser C 8 , so 
obtained, give a highly linear time base voltage. 

The different controls in time base circuit are : 


(I) Frequency control or velocity control : This controls the 
grid voltage of valve V 2 and thus determines the plate current. In 
this way this determines the changing rate of condenser C 3 and 
hence the frequency of time ba^e circut. 

01 Trigger control : The condenser C 3 discharges through 
R 2 and variation of R. permits the adjustment of flybick. This is 
known as trigger control. 

(3) Amplitude control : Variation of resistance R } determines 
the voltage d op across /?, and hence the voltage upto which the 
condenser C, may charge before flyback starts. Thus this determi¬ 
nes the amplitudes of lime base voltage. 

(4) Condenser switch : A number of condensers are connect¬ 
ed at a point B and any one of them may be conncccd to a point 
A. Each condenser corresponds to a definite range of frequency of 
sweep voltage. 


(5) Synchronization control : The sweep voltage frequency 
may be synchronized with any other alternating voltage by apply¬ 
ing this voltage to the contro. grid or valve K,. Synchronization 
may be done (i) internally with the frequency of the power supply 
or (ft) externally with some other a.c. voltage. 

US^S OF CATHODE KAY OSCILLOSCOPE : 
FcwSKartVvei'SoT: 03 " * in a of ways. 

-pc^usS ffJSio rCWiVef C3,h0de ra * 

giving\hc^vifu-i( ar indicat r ion a /'e Ca |oUetcc?'an(T ; '!' OS ^ 0 * ,e i! S USCd f ° r 

Of the target such as aircraft.’ ’ d ° gwe thc P 0Sll,0n 
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(3) Measurement of direct or alternating voltage : 

The deflection on a cathode ray oscilloscope screen is directly 
proportional to the volta ge applied to the deflecting plates. First 
of all the screen is directly calibrated in terms of the known vol¬ 
tages i.e. the deflection sensitivity is calculated. The direct voltage 
to be measured is applied between a pair of deflecting plates. 1 he 
deflection produced multiplied by the deflection sensitivity gives 
the value of direct voltage. 

The alternating voltage of a sinusoidal waveform to be measu¬ 
red is applied between a pair of deflection plates and the length of 
the straight line produced on the screen is measured. Knowing the 
deflection sensitivity, peak value of the applied voltage can be 
calculated. 

(4) Measurement of direct or alternating current: 

We know that cathode ray oscilloscope is a voltage indicating 
device and hence current to be measured is first passed through a 
known resistance and then the voltJge developed is passed to verti¬ 
cal deflecting plates. The horizontal plates are short circuited. The 
voltage is noted from the deflection on the screen. Current may 
then be calculated. 

(5) Study of waveforms . In order to study the waveform of 
alternating voltage, sinusoidal or otherwise, it is applied to the 
Y deflection plates and a time base voltage of suitable frequency 
and amplitude is applied to X plate. The waveform is then obtained 
on the screen. Now the frequency of time base is adjusted to some 
exact submultiplc of fiequencv of the applied a.c. voltage such 
that a steady pattern is obtained. The number of complete a. c. 
voltage waves will be equal to the ratio of the frequency of a. c. 
voltage to the frequency of time base voltage. 

(6) Measurement of phase angle. 

When one sinusoidal voltage is applied to the X plates and 
the other to the Y plates, a Lissajous figure pattern is obtained on 
the screen. This pattern is a measure of the phase difference 
between the two voltages. Generally an ellipse is obtained when 



Fi* 40. LissaJous figures on tho screen of C.R.O. 
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the two voltages are of equal amplitude and of the same frequency. 
The orientation of ellipse with respect to coordinate axes depends 
upon the phase difference between the two voltages. To prove 
mathematically that the Lissajous pattern is an ellipse, let the 
voltages applied to the X and Y plates be e x =E x sm (wf+0,) and 
e v =Ei sin (wt+0J respectively. These expressions can be written as 

■g-*=sin wt cos &+COS <ot sin B x 

^-=sin o)t cos 0 a 4-cos wt sin 6% ...(2) 

The equation of the pattern can be obtained by eliminating the 
variable wt. For this purpose we multiply equation (1) by cos 0% 
and equation (2) by cos 0 lt i.e. t 


~-.cos 0 2 =sin wt cos 0i cos 0 a 4-cos wt sin 6 X cos 0, 
E \ 

and ~ .cos0i=sin wt cos 0 2 cos 0 4 4-cos wt sin 0 2 cos 9 X 
c 2 

Subtracting equation (4) from equation (3), we have 



~ cos 01-^r ecs 0 2 =cos wt (sin cos 0 2 -cos 0 X sin 0*) ...(5) 
E l t 2 

Similarly multiplying equation (1) by sin 0 2 and equation (2) 
by sin 0i and subtracting the two, we get 


~ sin0 2 —— sin 0 x =sin wt (cos 0 X sin 0 2 -sin 6 X cos 0 a ) ...(6) 
Squaring and adding equations (5) and (6), we have 

g+ft-^ C0S(e - fl = ) = Sinl(( ’>- fl ‘ ) ...(7, 

This is the equation of an ellipse. The orientation of the ellipse 
with respect to coordinate axes depends upon the phase difference 
(0,- 0 a ) between the two voltages. When (0 X — 0 t )=w/2, the prin¬ 
cipal axes coincide with the coordinate axes. When (0 1 -0 2 )=O or 
v the equation reduces to straight line. Various cases are shown 
in figure 40. 

The phase difference between the two voltages can be calcu¬ 
lated with the help of the pattern of C.R.O. by noting A and B as 
shown in figure 41. It may be noted that the distance B is the 
value of e v when c x is zero. Therefore, substituting this condition 
in equation (7), we have 

B = E 2 via (*,-*«) ...(8) 

in the same manner the value A is the maximum value of and 
therefore from the expression of applied voltage to Y plate 

A = [Cy] max = E- i IQ\ 
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Solving these expressions simultaneously, we get 
sin ( 0 i-#t)=^- 
. The phase angle 4 is given by 
^=( 0 i- 0 i)=sin " 1 — 

(7) Measurement of frequency : 

The unknown frequency (voltage) is 
applied to one pair of deflecting plates 
and a known frequency from some 
variable frequency standard oscillator 
is applied to the other deflecting plates. 

The frequency of standard oscillator is 
varied until a single loop stationary 
pattern is obtained. The frequency of Fig. 41. Measurement of 
the sinusoidal voltage is then same as phasc an s |c - 

that of the oscillator. 



5 8. KLYSTRON : 

It is a special ultra-high frequency tube [fig. 42], capable of 
generating, amplifying and detecting radio waves ranging in 
frequency from 600 to 30,000 mc/s. Klystron makes use of the 
velocity modulation principle. They use resonant cavities as tuned 



Fig. 42. Cut .way view of a two resonator klystron oscillator. 
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circuits and a velocity modulated electron beam to sustain the 
energy field within the cavity. 

A cut away view of a two resona'or klystron oscillator is shown 
in figure 42. The electron emitted from the cathode aie accelera¬ 
ted towards the main body of the tube, where they pass through a 
tube and then through a set of grids in a cavity resonator. Because 
of alternating axial field existing within cavity resonator, some of 
the electrons, while passing through the first resonator, are acce¬ 
lerated and some slowed down. This velocity modulation action 
causes the electrons to form in bunches by the time they pass 
through the grids of the second resonator. Due to the impact of 
the bunches on the grids kinetic energy of electrons is converted 
into high frequency electromagnetic energy of the second resona¬ 
tor. The output is drawn from this resonator. 


5 9. MAGNETRON: 


The magnetron is a vacuum tube whose current is controlled 
by means of magnetic field strength. The tube is used for genera¬ 
tion of ultra-high frequency oscillations. With its special form, it 
may oscillate at wavelength from 100 to 1 cm. 

Generally two forms of magnetron tube are used. Early form 
of the tube were of the split anode type. Modern super high fre¬ 
quency magnetrons are made in the form of a multianode cavity. 
The basic structure of such magnetrons is shown in figure 43. 




Fig. 43. Multianode cavity resonator magnetron. 

As shown in figure, cavity magnetron consists of a cylindrical 
cathode surrounded by an anode structure that possesses cavities 
opening into the cathode-anode or intersection space by means of 
slots. Output power is withdrawn by means of a coupling loop. 

GAS TUBES 


Although high vacuum tubes arc extensively used in commu¬ 
nication but the plate current is small (1 mA to 100 mA) Some 
times much larger currents (1 to 100 amperes) are required and 
gas filled electron tubes are used for such applications. 

imu Tr h .° mlro< i ucl,on °J an inert gas, such as argon, or neon at a 
low pressure about :0- to 10- atmospheres, or ame'tallic vapour. 
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such as mercury markedly alters the properties of the electron tube. 
When high velocity electrons move through the tube, the gas for 
molecules are ionized due to collision and as a result charged par¬ 
ticles are formed. These charged particles move under the influence 
of voltage across the tube and collide with other gas molecules. 
This produces further ionization. In this way a large number of 
positively charged ions are formed which move toward the cathode 
and neutralize many electrons constituting the space charge, lhus 
the influence of space charge over the electron flow in the tube is 
reduced. 

In gas diode, when the plate voltage is sufficiently high (greater 
than the ionisation potential of the gas), a larger plate current is 
obtained. For a given plate to cathode potential, the plate current 
in a gas diode is much larger than it would be in a vacuum diode. 
Thus gas diodes are extensively used in a high power systems in- 
place of high vacuum tube. 

The gas tubes may be classified into the following categories: 

(/) Thermionic gas diodes. 

(//) Thermionic gas triodes (thyratron). 

(Hi) Cold cathode tubes : 

(a) cold cathode gas diodes. 

(b) cold cathode gas triodes. 

(/k) Tubes using mercury pool cathodes. 

(a) Mercury arc rectifiers. 

(b) Ignitrons. 

(c) Excitrons. 

5 10. EFFECT OF GAS IN A THERMIONIC DIODE : 

The characteristics of a thermionic diode arc altered even if 
the small fraction of a gas is present in it. The presence of oxygen 
and water vapour affects the cathode (/ e. they have chemical 
effects on it) and hence decreases its emission. On the other hand, 

the presence of mercury vapours and inert gases (helium, neon, 

argon krypton and xenon) increases the current as the space 

charge is neutralised. Let us consider the tungsten filament tube 
with a small amount of gas in it. The plate voltage and plate 
current characteristic is shown in fig. 44. The curve I corres¬ 
ponds to the characteristic in the absence of the gas while curve 2 
refers to the current voltage relation with the gas at low pressure. 
With the introduction of more gas, the pressure is increased and 
the cuive 3 shows the characteristic. 

It is observed from fig. 44 that in the presence of ihc gas, the 
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PIAT£ votnes —* 

Fig. 44. Current-voltage 
curve of diode with 
varying gas pressure 


curve rises but reaches the same saturation current. Furthermore 
the plate voltage also affects the current. 

It is also clear from fig. 44 that 
the gas does not have any appreciable 
effect in the region OA where the plate 
voltage is less than the ionization 
potential of the gas The major effect 
of the gas is in region AB where, 
in the absence of the gas, the current 
is limited by the space charge. The 
neutralisation of space charge permits 
more electrons to reach the plate and 
the current reaches the saturation value 
at much lower plate voltage. The 
region BC is changed only slightly. 

Here it should be remembered that the effect of the gas in region 
OA is small does not mean that there is no departure from high 
vacuum curve for voltages below ionisation potential of the gas or 
a departure must occur at the ionisation potential. There arc other 
factors which affect the characteristic in the region OA. 

511 GAS DIODES WITH THERMIONIC CATHODES : 

Thermionic gas field diode consists of a thermionic emitter 
(cathode) and a cold electrode (plate). The two electrodes are 
enclosed in a sealed glass envelope. The tube is evicuatcd and 
then mercury vapour or some inert gas like helium, neon, argon, 
or xenon at the pressure of about 10“ 6 atmo>phere is inserted in 
the envelope. The cathode is specially designed to give a very large 
emission to provide large current. This can be achieved by increa- 
smg the cathode temperature as well as the area of the emitting 
suriacc. Ihus the cathodes arc constructed such that heat radiation 
r r0 . m o ,°5 e sccll0n falls over the other section, thereby saving much 

a ia ed power Such cathodes are known as heat shielded cathode. 
n gas field tube, ionized region (plasma^ extends from plate to 
rnX aSh ° rU,Sta . nceof ^ cathode Due to low field strength 
thc^cornpr electrons can move in all directions even round 

n vacuum^Sf™*, p,at - e nced no1 be c,ose 10 the cathode . while 
reduce fh<* 1 < b lhe P |atc «s kept close to the cathode in order to 

Plutc Lrrent Ph^?^^ ***• Fi * ure 45 shows the plate voltage 
P refers to tK#- ba aUerisl [ c of a hot cathode gas diode. The curve 
The^nature^ofthr 1 ^ lUt * " hi,c the curve 2 is of the gas diode. 
Plate current inrri! CU VC . IS u thc same as ln a vacuum tube i.e. the 
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Fig. 45. Current voltage curve 
of a gas diode. 


of the curve 2. This is due 
to the fact that the posi¬ 
tive ions produced by the 
ionisation of the gas 
neutralise the electronic 
space charge completely 
and thereby eliminate the 
limitation of the flow of the 
current in the tube. 

Sudden increase in 
curve 2 may be explained 
.as follows. At ionization 
potential, the ionization 
of few gas molecules takes 
place due to the collision 
of electrons with gas mole- 

SuccdljLtCtf. ass 

larger flow of electrons towards Pg* ace cha rge. The 

£r ta “JS5K!l5SKfully emission current flow, without 
requiring any increase in plate vo tage. completely, the 

In order to neutralise the , he number of electrons, 

number of positive ions should be q • mU ch larger than 

We know that the rate rf®^ w ^S222lioned condition 
the rate of ton formation, even the h the raas8 of 

is possible in a gas diode. electron and the 

positive ion is much larger compared w.tn 
electric field removes electrons » • 
more quickly than heavy post- [ 

»•._;_ tl. rnnfri* 


tive ions. The current contri¬ 
buted by positive ions is 
howevei very small. 

Potential distribution m a 
gat dlo e : The potential 
distribution in a gas diode b 
shown in fig. 46. Here it is 
assumed that the cathode ana 
plate of the diode are in para- 
llel plane. The potential distri¬ 
bution curve for free space is a 
straight line and that for a vac¬ 
uum tube is such that potential 
at any point is proportional to 
the (4/3) power of the distance 
of the point from the cathode 


<9*S£*00£.Q* 



Cj 47HOO£ -o/3rASSC£ 


Fi®. 46. Potential distribution 
in gas diode. 
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i.e. it is expressed as K (x) 4 '*, where K is a constant. The positive 
ions increase the current, and the greater current increases the 
production of positive ions and so on, until positive ions are pro¬ 
duced at such a great rate that their charges tend to raise the 
potential at some point in the tube above the plate potential. 
Thus plasma is at higher potential to that of the plate due to the 
excess of positive ions. Under this situation, the current is no longer 
limited by space charge and the characteristic of the tube is the 
typical of gas tube. 

The interelectrode space in a gas diode can be divided into two 
regions. The first is OA and is called a positive ion sheath or cath¬ 
ode sheath. The second is the region AB and is called the Plasma. 
In the positive ion sheath, electrons emitted from cathode are acce- 
lera ed by electric field and are projected into the plasma. The 
positive ions from plasma reach the sheath and are finally drawn 
to cathode. Due to the constant potential of plasma, the voltage 
drop across the sheath is essentially equal to that across the tube. 
This sheath voltage is often called the cathode voltage drop. 

The velocity of the positive ion is less than that of electron as 
positive ion is heavier. Due to this fact, the space charge in region 
OA is due to positive ions There is almost zero space charge in 
this region. The space charge neutralisation in the gas tube is res¬ 
ponsible for special type of electrode structures. 


The plasma may be thought of a mixture of (i) an electron 
gas, (li) a positive gas and (iii) a molecular gas The length of the 
plasma adjusts itself so as to fill the tube, except for the short 
space required by the positive ion sheath about the cathode. 

5 12. EFFECT OF GAS PRESSURE ON THE CHARACTER¬ 
ISTIC OF A GAS DIODE : 


The pressure of the gas aflects the characteristics of the gas 
diode in the following three ways : 

(i) the rate of evaporation of the cathode, 

(ii'i the drop of volt gc while conducting current, and 
(iii) the breakdown voltage in the reverse direction. 

If the pressure of the gas is high enough, the ra c of evapora¬ 
tion oi the cathode decreases and the cathode can operate at high 
temperature safely. If the pressure is too high, breakdown followed 
y a glow or arc discharge may take place in a reverse direction 
1 , J. m ' crsc P arl the cycle of alternajing voltage across 
the tube. Under these circumstances, the tube will conduct in both 
directions and ceases to rectify. When the pressure is very low 
then the gas molecules may not be sufficient to neutralise the spac^ 
charge In this way for anv gas filled in the thermionic tube, there 

is a defin" e value ° f preKurc above which the allowable peak in- 

s^s^t:^ iowcred ’ aiid be,ow wh;ch A 
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In order to increase the inverse voltage rating of a gas tube it 
is desirable to reduce the gas pressure. Too low pressure is also 
undesirable because the ionization of the gas will be very small and 
consequently the number of positive ions required to neutralise 
the space charge will be small. Thus for every gas field thermionic 
tube there is an operating range of pressure. 

In hot cathode diodes, generally mercury vapour is used 
because it lemains at an equilibrium pressure depending upon the 
temperature of the liquid mercury The pressure thus depends up¬ 
on the temperature of the condensed mercury vapour. The varia¬ 
tion of allowable peak inverse voltage and peak plate current of a 
hot cathode mercury vapour tube as a function of temperature ot 
the condensed mercury is shown in figure 47. It is seen from toe 


figure that at a temperature about 80 C, I ' ] P 

the peak inverse voltage becomes very f --* 

small (about 2 kv) and as the temperature ^ B . 

is reduced to 25°C, the peak plate —ft?-\y — a 

current becomes small. The peak current £ m y_j&J— t 

that may be drawn from the tube is less \ J . 

than the rated peak current of 600 amps. ^ 4 \ 

since otherwise the tube drop would ex- 3 w —,! 
ceed the disintegration value of 22 volts. £ | |i 

Mercury vapour pressure may be main- e , .£• <*>• or *>-c 

tained within narrow limits and thus amxo ******m x 
mercury vapour is used in high voltages Fjg 47 variation of peak 
gas tubes pi-tc current and peak in- 

Inert gases can be used in low volt- v.r.e voltage “ ‘ 
age gas tubes only where large varia- of condoned mercury temp, 
tion in gas pressure is permitted. In case of inert gases, the pres¬ 
sure does not depend upon temperature, hence they have an adva¬ 
ntage over mercury vapour tube. 

5 13. GAS FILLED THERMIONIC TRIODES OR 

Thyratron is the commercial name lor a thermionic gas filled 
triode. The conhguration of different electrodes in a tli™'™ 5 _' s 
different than that in a vacuum inode In ^ration Ihelilanicnt 
is either filamentary or indirectly heated. The P' al ' ,s ,n '^ f 
of a disc of nickel or it is in the form of a block of graphile Ic 
pending upon the current rating of the tube 1 g 
form of a cylinder surrounding the plate and provide 
static shielding between the plate and the cat.iode 

Although the control grid in thyration acts in a s ^' lar ^ ™ 
in vacuum triode but its control action is widely di 
the presence of the gas. When grid .s highlynegative the tube does 
not conduct because the electrons How and consequently,. |L„ 

ionization is prevented even at high plate vo tage. N P - 

the plate voltage constant as the grid potential is varied P 

tive directions, a point is reached when the tube starts u 
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The plate voltage now reduces to a value equal to the ionization 
potential. The grid voltage at which thyratron starts conducting is 
known as cut off value. The ionization results in the abnipt deve¬ 
lopment of the plate current and the plate current assumes the run 
value limited by the external resistance in series with tube. Wnen 
the tube starts conducting, the control grid loses all controls which 
may be explained in the following way : 

When thyratron conducts positive ion sheaths are formed 
around athode and negative grid, and the remaining space of the 
tube is filled with plasma. In plasma, the number of positive and 
negative ions are equal and the potentials is almost constant which 
is equal to the plate potential. The grid attract the positive ions 
of the plasma towards it and a sheath of positive ions is formed 
at its surface. Under the equilibrium conditions, the net charge 
in the sheath is zero because the total positive charge of all posi¬ 
tive ions is equal to the negative charge on the grid. Now through 
the plasma, positive ions flow to cathode and electrons to plate 
without experiencing any influence of the grid. In other words, 
the positive ions near the grid completely shield the electric field 
of the grid irrespective of voltage i e. grid has no effect on plate 
current. 

The conduction in the tube does not cease even the control 
grid is made highly negative. The current flow can be stopped 
only by lowering the plate potential. When ionization ceases, the 
control grid regains its control and it must again be raised to 
firing point before a plate current flow can occur. The charac¬ 
teristics make the thyratron useful as a power switch, wherein a 
small impulse applied to the grid can control a very large amount 
of power in the plate circuit. A large resistance is included in scries 
with the grid to limit the current in the grid circu t because due to 
the positive ions, the grid current may become quite large and 
causes wastage of power. 

In thyratron, once the breakdown occurs and arc is formed, 
the potential between anode and cathode falls to ionizing potential. 

A baffle or a number of baffles having small holes are intro¬ 
duced between plate and cathode. There are two types of thy- 
ratrons : 

(/) negative control thyratron : It has’only one baffle with 
large hole in it which is a part of grid. The breakdown occurs 
with negative grid voltage. This is shown in fig. 48 (a). 

(it) positive control thyratron : It has one or more baffles 
with large number or small holes so as to provide better shielding. 

The breakdo wn occurs, when tne grid is posiiive. This is shown in 
figure 48 ( b ). 
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The grid in negative grid tbyratron controls the maximum 
current density instead of average current density across its area. 
When the current density reaches at a critical value the tube fires. 
When there are a large number of holes in the grid of unequal 
size, then the current through the largest hole controls the starting 
and other holes play no part. Due to this fact thyratron grid is 
constructed in the form of a particular disc with a single large hole. 
For the same reason, the critical current density may occur along a 
path surrounding the grid disc instead of grid hole, hence thyratron 
grid is constructed as to surround almost either the plate or 
cathode. It is desirable that the grid should shie d both the plate 
and cathode from the glass walls. If the grid shields only one 
electrode then space between the grid and the other electrode is 
influenced by the electric field produced by the charges on he 
glass walls. The charges are fluctuating and so influence the 
starting characteristics. 



(fl) Electrode structure of a ( b) 

negative control thyratron. 

Fig. 46. 


Electrode structure of a 
positive control thyratron. 


Thus the difference between a vacuum triodc: an 
that in a vacuum tnodc the plate curr i ^ y<)| can only 
voltage while in cases of ^yratron.tg 
initiate the arc and then loses its control oser the » 

current after the arc is produced. 

ISBS JSUKS nssff-* 


162 


Hand Book of Electronics 



Fig. 47. Characteristics of a negative 
thyratron. 


grid potential. For negative 
grid thyratron, control cha¬ 
racteristic curves with tem¬ 
perature as a parameter are 
shown in figure 47. It is 
observed from these charac¬ 
teristics that these change 
with temperature. The tem¬ 
perature dependence is much 
pronounced with mercury 
vapour as the pressure of 
mercury vapour changes con¬ 
siderably with temperature. 

Selection of a gas tube : 

While selecting a suitable 
gas in a gas tube, following 
two points are kept in view : 

(/) the gas should not react chemically with the electrodes. 
For this purpose inert gases are most suitable, and 

00 there should be a suitable ionization potential of the gas. 
It is observed that when the gas is conducting, the voltage drop 
across the tube is usually of the order of ionization potential and 
the ionisation potential decreases with the atomic weight. Thus 
for high efficiency, mercury vapour or one of the heavier inert 
gases is preferred. 

Tube containing mercury vapour can carry large current and, 
hence they arc suitable for industrial applications such as controlled 
rectifiers. For high speed working one of the inert gases is used. 

Ionisation and de-ionisation times of thyratron : 

Ionisation time is the time for the plasma to form and anode 
current to reach its final value after the application of arode vol- 
tage. It is a function of tube structure, electrode voltage, pressure 
ot the gas, and associated circuit. It varies from a micro second to 
several microseconds. 

De ' ionisat !® n time is the time required for the plasma to dis- 
• n r t0 &?' n control after the removal of plate vol- 
-I * it var,e . s few micro-seconds to several hundred micro-seco- 
imfientin C ^ ndS - Up0n the same factors as for ionisation time. De- 
DOS We nr rtThi 5 , Sma ' ' n ' UbeS W ' lh Sma " grid h0les and hence 

ing smal?dtlS[»,ToVtr m e 8enerally “ ed f0r applications r “> uir - 

512 ’ LATOR Tl)BE° DE GAS DI0DE : VOLTAGE REGU- 

Cold cathode (no heating arrangement for cathode) gas diode 
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or V-R Tube is a common glow tube which is designed to keep the 
voltage across it constant irrespective of supply voltage or the load 
current variation. It consists of two electrodes in sealed glass 
envelope with neon or some other inert gas at a P r « sure of a °° u ' 
0 1 rn.in.of mercury. The cathode is a hoi ow cylinder which 
has large area and maintains the constancy of the operatmg vol¬ 
tage. The anode consists of a cylindrical wire placed along the axis 
of the cathode fig. 48 (a). The pressure of the inert gas is so kept 
that the breakdown voltage is only a few volt greater than the drop 
across the tube after the breakdown. To keep the breakdown 
voltage as low as possible a small wire projects out from the 
cathode to within a small fraction of an inch of the anode. Initially 
the breakdown occurs at the end of the wire and the anode. 1 he 
projected wire is known as starter. The starter serves 1 *® Purposes 
(i) it reduces the breakdown potential ; so a low potential is requi 
red to star, the discharge, and (ii) it maintains the J," 

the current is small. Once the discharge starts, l ' v ‘ | sprcad 10 
the other portions of the cathode depending upon the current. 







(O 


Fig 48. Electronic structure Circuit for finding the Current voltage Chirac 
of V-R tube. characteristic of V-R tcristic of V-R tube, 

tube. 

The circuit for finding the characteristic of V-R tube is shown 
in fig 48 (b). The supply voltage E bb is slowly increased, and 

current through the tube as well as voltage across it are measured. 
Till the voltage across the tube docs not reach the breakdown 
potential, the 8 milliammctcr shows zero reading. Near the break¬ 
down potential, a glow appears at the tip of the star er and runs 
to the cathode Now the milliammctcr shows a current. I he 
voltage across the tube slightly falls from the breakdown vo tage as 
is clear from 50 (c). In other words, the glow is initiated at 
voltage slightly higher than the normal operating voltage. 

When the tube fires, the current in the circuit is controlled by 
R Now R is slowly changed and current and voltage across tube 
are measured The curve is almost a vertical line showmg-thereby 
that the tube is working in the grow region where the voltage 
across the tube is substantially constant. 

The tube finds application in electronic regulated power 
supply £> provide constant reference voltage. The voltage that 
may be regulated by a V-R (150) tube is 150 volts. 
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513. TUBES WITH MERCURY POOL CATHODES : 


When large currents are to be conducted, mercury pool 
cathodes are used in gas tubes. The mercury pool is not itself a 
source of electrons but by means of auxiliary electrode an arc is 
started. The arc concentrates on a small bright spot which moves 
erratically over the surface of the mercury pool. The mercury pool 
serves two purposes; (/) it supplies the electrons, (//) it supplies 
mercury vapour through which the current is conducted. 


&/ISS&//6 


Figure 49 shows a tube with a mercury pool cathode. Nowa¬ 
days it is obsolete but due to its simple construction, we shall des¬ 
cribe it here. The tube is in the form of a large evacuated glass 
bulb with a pool of mercury (/Q which serves as the cathode. Near 
the mercury pool K there is another pool of mercury (A) in lower 
side arm known as the starter electrode. Initially there is no 
connection between these two mercury 
pools. The tube has two anodes of 
graphite sealed through the two arms of 
the glass bulb, and arc situated at the 
upper side. When the anode voltage 
is applied, the cathode is unable to 
supply the electrons. The supply of the 
clectrones can be carried out by the 
starting electrode A in the following 
ways: 

By tilting the tube, a contact is 
made between cathode K and start¬ 
ing electrode A. Now a current 
limited by resistance R flows between 
cathode-starter circuit. When the tube Fig. 49. Tube with mer- 
is set in upright position, the contact cury pool. 

TK^£ Cn /r ' odc and starlcr ' s broken and a small arc appears. 
tu of arc vaporises mercury which fills up the glass tube, 
nool ; CCS ii a !3 mcandescenl space at the surface of mercury 

of elect rn Am- Ca - ed ^ alhode s Pot. This hot spot is the source 
anod?ZiSiT?- The high ve,ocit y e,eclrons on their way to 
liberated diirin« 0 ™ ,Satl0 ? of mercUr y vapour. The positive ions 

b ° mbard the P° 01 and ™ intain t^ 

SC ! ,SJS e S- i,,ine ca,hod = ‘P& I"‘his way a 
spot is a source Oftrlmtna ™ ain,ained - Thus the cathode 
electrons and it is estimated 0 .^ h em '“ ,on , c “‘ rent densi ‘y of ‘he 
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(shown as region OA ), the plasma (shown as region AB) and the 
anode sheath (shown as region BC). 



Fig. 50. Potential distribution in arc of mercury pool cathode tube. 

The cathode sheath surrounds the cathode. It consists of 
electrons moving from cathode to plasma and positive ions moving 
from plasma to the cathode. The voltage drop in this sheath is 
about 9'9 volts. Since the work function of mercury is 4* 5 volts, 
and hence about 4*5 volts is used up in liberating the electrons 
and rest 5-4 volts is used to accelerate the electrons to produce 

ionisation. . ,, . , 

The plasma in mercury arc is a region of low potential gradi¬ 
ent It contains positive ions and electrons which arc in equal 

numbers The potential gradient is about 0 05 and 0 2 volt per 
centimeter. The plasma chiefly serves a highly conducting path 
for the main length of the arc. , f 

The anode sheath is a region surrounding the anode, very tew 
positive ions are found in this sheath and it has mostly electrons. 
Ke anode sheath has a high potential gradient The electronic 
space charge surrounding the anode opposes the motion of elet- 
trons from plasma to anode. The anode vol age drop s the 
principal reason for an increased over all arc voltage drop at high 

currents. , , , 

The common types of arc tubes with mercury pool cathodes are 
(1) mercury arc rectifier; (2) igmtron and (3) capacitron. 

5 14. IGNITRON : 

Ignitron is a single anode mercury arc rectifier with a pool 
type cathode. Figure 51 shows the arrangement of Ignitron. I n he 
Ienitron the cathode consists of a large pool of mercury at the 
bottom of the tube. The starter is the Ignitron whose tip i s 1 
sed in the mercury pool cathode. The Ignitron is a rod made ol 
semiconductor such as boron carbide or sdicon carbide which has 
a relatively high electrical resistivity. Mercury does not wet these 
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materials and form a meniscus at the 
point of contact of the ignitron. When 
a current near about 25 amperes, from 
an auxiliary source of about 200 volts 
is passed to the pool through ignitron 
a cathode spot is formed at the surface 
of the pool. The tube is fired and arc 
is formed if the anode is positive. When 
an a.c. potential is applied between 
the anode and the cathode the arc 
should be extinguished in each nega¬ 
tive half cycle provided the arc is ini¬ 
tiated regularly. Ignitrons are used 
widely in controlling the heat current 
in resistance welders since the valve 
gives current in short pulses of large peaks. 




r&wxoV' 


C^r/rooE 


Fig. 51. 



Showing the 
arrangement 
of Ignitron. 


PHOTO ELECTRIC DEVICES 


5-15. CLASSIFICATION OF PHOTO ELECTRIC (light sensi¬ 
tive) DEVICES: 

The function of photo-electric devices is to convert light or 
radiant energy into electric energy. There are three types of 
photo-electric devices : (a) photo-emissive, ( b ) photo-voltaic and 
(c) photo-conductive. 

(a) Photo-emissive device : In this device the emission of 
electrons takes place from the surface of photo sensitive metals 
when exposed to light waves. 

(b) Photo-voltaic device : This device generates power i.e., an 
e.m.f. is generated when two substances are in close contact and 
the boundary separating the two is exposed to light radiation. 

(c) Photo-conductive device : Devices which change their 
resistance by the action of incident light radiation are known as 
photo-conductive devices. 


All three devices are used for industrial systems. 

5 16. PHOTOEMISSIVE CATHODES : 

The emission current from any metal is a function of the fre¬ 
quency of incident radiation, it is therefore useful to consider the 
re ative response for different wavelengths. Before considering the 
! i« e Sfi nS 5’ WC would J ike t0 defins the sensitivity. The sen- 
! efine . d , m te r rms of current P er unit of radiant power 

mirr™ Ilf ™? tal . , surface - This is denoted as microamperes per 
micro watt of incident power at a particular frequency. Light 
is the radiant electromagnetic energy having wavelengths’rangfng 

[f®? £ to 100 x 10'A. The extremes of the wavelength’s range 

lie in the far ultra violet and the far infrared. The visible ranfe 

extends from 4000A to 7000A which is in between the ultra violet 
and infrared. Now we come to the consideration of relative 
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response for different wavelengths Figure (52) shows the relative 
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Fic 52. Relative response of certain alkali metals. 

band over which the particular matcr.al is photo sensitive. 

It is clear from the figure that cesium gives the best*™'“ ° d 

mMmm 

mmmm 

Curves for typical surfaces are given in figure :>3. 
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pie 53 Colour sensitivity of several photo emissive surfaces 

r,g# ’ , . „ c o i« resium—cesium oxide suriacv. 

■ Rf SUrfaCe ^sensitivity throughout the visible region. The 
which has reasonable sens tiv.ty in b spectrum ol radt- 
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for comparison purposes. The comparison with 5-2 surface shows 
that 5-2 surface is well adapted for use with a tungsten source. 
The 5-3 surface employs rubidium which has greater sensitivity in 
the blue end. 5-4 surface is of cesium which is highly sensitive and 
have peak response 20 times greater than the peak of 5-3 surface. 

517. PHOTO-EMISSIVE CELLS AND THEIR APPLICATIONS: 

Photo-emissive cells may be classified into two categories : 

(a) Vacuum photo cells : They are evacuated to a high degree 
so that the ionisation is almost absent. 

(b) Gas photo cells : A certain amount of inert gas at low 
pressure is introduced in the tube to increase its sensitivity. 

Now we shall discuss photo tubes. 

5 17-1. PHOTOTUBES: 

Photo tube is a two element tube Cathode is in the form of a 
half cylinder coated with some photo sensitive material Different 
light-sensitive materials for coating can be used to enable the photo 
tube to respond to the light of different colours or even to invisible 
radiations. The electrons are emitted when light falls upon the 


/ \ 
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F ig. 54. Structure of one t>pc of photo tubes. 

surface ° f photo-emissive cathode. The emitted electrons are then 
drawn to positive anode and thus produce a plate current. 

Photo tubes are classified as 
(0 Vacuum photo tubes . 

(//) Gas photo tubes. 

Vacuum photo tubes: In such tubes type evacuation is so 
perfect that then-charaderistjes are quite unaffected by gaseous 
ionisation but pnmari y depend upon the nam™ nf tu* ga . se ? us 
surface and upon the transmisKhaJacteriMics of ?he “m 
envelope. Static current voltage characteristics of a typical photo 
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tube 917 for various levels of illumination* are shown in figure 55. 
In fig. 56, curve of anode current versus luminuous flux is plotted. 



AA/00£- VOLTS 


Fig. 55 . Static current-voltage characteristics. 



Fig. 56. Curve of anode current vs. luminous (lux. 

CUfVe , S ° f fi Snf 8 at reS a 32 

Sion of different energy distributions> thei form of the curves 
is the same but current range becomes different 

Solid curve in fig. 56 applies to all anode voltages above 
saturation. Dotted curves are for anode voltages below saturate 
We see from fig- 55 that current-voltage characteristics are 

simil^ to those of a® vacuum pentode, f.e. I,ke pentode, vacuum 

photo-cell acts as a constant current generator. 
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Curves show that, even with the cathodes of high sensitivity, 
the current obtained from vacuum photo tubes are small. 

Gas photo tubes : In such type of tubes, some quantity of gas, 
which does not react with cathode coating film is introduced to 
increase the sensitivity. 

When photo electrons travel from cathode to the anode, then, 
in their wav, the strike with some of the gas molecules. The result 
is the ionisation which splits gas molecule into a free electron and 
a positive ion. This free electron moves towards the anode and 
thus it ionises other gas molecules giving rise to move free elect¬ 
rons. The free electrons, thus released, pass to anode, increasing 
the effective current of photo tube. Positive ions are also drawn 
to the cathode and hence constitute a current. Therefore at every 
point between the cathode and anode current is increased, the 
amount of which depends upon the number of collisions per 
second between cathode and anode. In addition, photo-tube 
current is also increased by the secondary emission arising due to 
the impact of positive ions with cathode. This whole process, by 
which the effective photo-tube current is increased, is called gas 
amplification. 

The gas amplification that can be realised in photo tube de¬ 
pends upon the gas pressure and the voltage involved. Increase of 
anode voltage increases the number of primary electrons which 
make ionising collisions. With sufficiently high anode voltage, the 
primary electron after its one collision and the newly released free 
electron due to collision may make one or more collision in their 
journey to anode. The current increases very rapidly if the voltage 
is raised above ionisation potential of the gas. 

The gas pressure is also very important. If the gas pressure is 
too low, then the gas molecules will obviously be far spaced and 
thus mean free path may become so large as to avoid any probabi¬ 
lity of collision between the primary electron and gas molecules. 
As the pressure increases, the number of collisions made by an 
electron in moving from cathode to the anode increases; but if the 
pressure is too high then an electron may stop without being 

• For the interest of the readers few definitions are listed below : 

1. Luminous flux is the time rate of flow of light or radiant flux of 
particular energy distribution, lying entirely in the visible range. 

2. Lumen is the unit of luminous flux. It is equal to the flux through 
a unit solid angle from a uniform point source of one candle. 

3. Illumination is the density of the luminous flux on surface. 

4. Luminous intensity is the luminous flux on a small surface normal 
to the direction divided by the solid angle (in steradians) which the surface 
subtends at the source of light. The unit of luminous intensity is candle. 

fWhen alkali metals are used in the cathode, the inert gases helium 
neon, argon, krypton, and xenon are filled in the envelope since they do not 
react with alkali metals. 



171 


Thermionic Tubes 

sufficiently accelerated so as to gain energy to cause ionisat.on 
Thus an optimum pressure, which is found to be 0 2 mm. of Hg, is 



Fig. 57. 
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Disadvantages of using gas : There are three main disadvan¬ 
tages which affects the gain in sensitivity : 

(/) Anode current is no more a linear function of flux. 

(ii) For voltage more than 90, glow may take place which is 
objectionable due to two reasons. Firstly, it causes the current to 
be independent of illumination and secondly, it reduces perma¬ 
nently the sensitivity of the tube. Therefore anode voltage must 
be kept below 90. 

(/i7) Because of the large mass of the positive ions the time 
taken for a positive ion to pass from the vicinity of anode to the 
cathode is appreciable. When the light source is cut off, the current 
does not drop to zero immediately for there are still positive ions 
floating about between electrodes, i.e. there is a perceptible time 
lag in the response to a change in flux. In vacuum photo-tube 
photo-electric current ceases in less than 10 y. sec. after the illumi¬ 
nation is cut off and hence no time lag. 

Phototubes are extensively used for counting and sorting de¬ 
vices. They may be used in image transmission system for the 
conversion of light intensity variations into electrical variations. 

5 17-2. PHOTO ELECTRIC RELAY : 

The vacuum or gas 
filled photo emissive cell 
has high internal resis¬ 
tance and provides a 
high voltage and low 
current output. Due to 
this property, it can be 
connected in the grid 
circuit of an amplifier. 

Fig. 59 shows a simple 
vacuum tube amplifier 
where the photo-emissive 
cell is connected in the 
grid. When no light is 
incident on the photo-emissive tube, a potentiometer in the grid 
may be adjusted in such a way that no plate current flows. In the 
figure, p determines the value of light required to cause the relay. 
When light strikes the photo emissive cell, conduction through 
the photo cell takes place which causes a positive grid signal. As 
a result, the plate current increases and closes the relay. 

The circuit may also be used as relay drops by changing the 
polarity of photo-emissive cell and applying initially such a voltage 
to the grid that relay takes place. In this case, when light strikes, it 
causes a negative grid signal and the plate current drops the relay. 

517-3. PHOTOMULTIPLIERS (ELECTRON MULTIPLIERS) : 

The drawback of the photo tubes in a small plate current which 


c/o//r 
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is about 10 \xA. In many applications, like rerpoductions of sound 
recorded on the film, in television etc., the output current of a 
phototube should be amplified which can be done by using the few 
stages of amplifier. The current may be amplified by the device 
called electron multipliers which is based on the principle of 
secondary emission. The multiplier tube has an average current of 
about 1 mA and can provide a gain or amplification of over 20,(KO 
or more. 

A photomultiplier tube consists of a light sensitive photoca¬ 
thode K t a system of nine or ten secondary emission electrodes, 
called dynodes D and a collector anode A, as shown in ng. 60. 



Fig. 60. Photo-electric secondary emission multipliers. 

Each dynode is having successively higher positive voltage and is 
coated with a material (like silver magnesium) which have a seco- 
ndary emission ratio N from three to five. 

When light falls on photo cathode, electrons are liberated and 

are attracted towards the first positive dynode D,. Secondary 
emission ratio, N electrons are emitted which are accelerated to¬ 
wards dynode D t . D , is similar to D, and the potential diffe¬ 
rence between D, and D, is the same as the potential difference 
between D, and K. Thus the secondary emission rntio at s 
again N i.e. N* electrons are emitted from D t The process is 
repeated for other dynodes i.e. if n be the number of dynodes then 
one electron at the input will give N- electrons at the output The 
output current is collected by the collector anode A. The current is 
thus amplified N n times. 

Many electrons pass straight down the tube and thus reduce 
the gain. In the developed foim the electrons are focussed 
successively on one target after another, thus preventing spreading 

ofTbeam The" dynodes and the collector anode are arranged 

along a circle rather than along a straight line for economy 
space. 
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A typical photomultiplier circuit is shown in figure 61. The 

use of the individual bleeder resistors between each dynode ensures 
a constant voltage ratio between them and the anode at all times. 
This is essential for maximum gain and stable performance. I he 
high voltage can be obtained with power supply. Signal output 
is taken as shown in the figure 61. 



Fig. 61. Photomultiplier with full wave rectifier. 

5 18. PHOTO CONDUCTIVE DEVICES (PHOTO DIODES 
AND PHOTO TRANSISTORS) : 

Photoconductive devices are thin layers of semiconductors such 
as selenium, silicon, cadmium sulphide, lead sulphide etc, whose 
resistance decreases with light, mounted in a sealed glass. Modern 
units employ germanium or silicon in the form similar to point 
contact or junction diodes or transistor as shown in figure 62. 



Fig. 62. (a) Point contact, (b) P-N Junction. (c) npn transistor. 

To understand the mechanism of photo current, let the light 
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energy be allowed to incident upon theP-W or NPN junction. The 
energy is absorbed in raising the electron from the top of the filled 
band into the conductivity band. Due to the escape of the electron 
from filled band a hole is left which may be swept out by the app¬ 
lied potential. Thus hole and electron are able to contribute to 
photo current. Fig. 63 shows the simple circuit arrangement with 
a voltage E impressed across the photoconductive device and a 
resistor R in series. The photoconductive device is a junction diode 
with positive voltage applied to collector and the negative voltage 
to base side. With no light, the photo-diode has a high resistance 
which limits the current flow. When light falls on this device, the 
resistance decreases and the series current increases. Current flow 
through R can be amplified for control. It is also possible to 
replace R by a sensitive relay which closes when the current flow 
increases and thus controls a larger amount of power through 
relay contacts. 



Fig. 63. Photoconductive circuit. 

Under perfectly dark conditions, there is no current in photo 
tubes while an appreciable current exists in photo-diodes or photo 
transistors. This is expected because some electrons fiom the im¬ 
purity atoms would exist in theconduction band at normal temper¬ 
atures and in darkness. These have been raised to conduction band 
from donor impurities by thermal energies, and produce conducti¬ 
vity in the dark. As long as 
the current is small, it will 
not interfere with the photo | 
current. Fig. 64 shows the 
characteristics of a photocon¬ 
ducting cell as a function of p 
voltage. «$ 

From figure, it can be | 
observed that the sensitivity is $ 

proportional to voltage applied 3 

across the device but the vol¬ 
tage is limited so that no 
overheating and subsequent 

break down takes place. Fig. 64. Approximate characteristics. 
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Usually the current does not exceed a few milliamperes but it may 
be increased by suitable design. 

Germanium and other semiconductors give a response farther 
into infrared than is obtainable from photoemissive surfaces. 

5 19. PHOTOVOLTAIC CELLS : 

The photovoltaic cell generates an emf under the illumination 
of a barrier layer. This is also-called as “barrier layer cell. The 
cell consists of layer of semiconductor on a metal base piaie. 
Usually the copper oxide is deposited on the base plate oi 
copper, or iron selenide is deposited on the iorn base. The circuit 
connections arc shown in figure 65. When the barrier layer is 


l :ght 



Fig 65. Photovoltaic cell 

illuminated by light energy, current flows in the circuit which can 
be explained as follows : when light passes through the semicon¬ 
ductors, electrons may be raised to conduction band because they 
arc given enough energy to pass across the forbidden energy gap. 
Thus electrons flow from semiconductor to metal and conventional 
current flows in the opposite direction. The reverse flow of electrons 
from metal to semiconductor is prevented by the surface barrier 
set up in the semiconductor. As long as the illumination continues, 
electrons continue to flow in the conduction band and thus resul¬ 
ting in a continuous current. 

Figure 66 shows the output current as a function of illumina¬ 
tion in footcandles. These characteristics are in an iron selenide 
cell. The cell resistance is small and in sunlight currents of a few 
milliamperes may flow. It is clear from the graph that for exter¬ 
nal resistance equal to zero, the circuit current is directly proporti- 
nal to the incident light flux, but when the resistance is introdu¬ 
ced in the circuit the linear result does not hold good. It is found 
that both emf and internal resistance of cell are functions of tem¬ 
perature and hence short circuit current is almost independent of 
temperature changes. Cells of this nature are sensitive to high 
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temperature, for example 
the selenide cell is dama¬ 
ged if it operates above 
55 °C. 

The voltage genera¬ 
ted in photo voltaic cell 
is d. c. and hence the 
amplification by vacuum 
tube is not suitable ex¬ 
cept by chopper amplifier. 
The output current may 
be increased by connect¬ 
ing the several photovol¬ 
taic cells in parallel, be¬ 
cause the total area and 
the total received light 
flux increases. They may 
also be connected in 



Fig. 66. Characteristics of iron selenide cell. 


series for working into high resistance loads. 


The advantage of photovoltaic cells over the photoconductiye 
cells and photoemissive cells is that no external voltage source is 
necessary. But disadvantage is that the output voltage is small 
compared even with a vacuum photo tube. 


NUMERICAL EXAMPLES 


1. If the transverse magnetic field in a C. R. 0. is 1‘30 milli 
wb/m 2 over a distance of 6 cm , find the value of the accelerating 
voltage if the electron beam is to be deflected through 15°. 

We know that 




v= 


BQ e r 


m 


The deflection on C. R. 0. is given by 
sin 6= y. 



» inri-irn ?- 1 ™ 2 m 

Substituting the value of r, from equation (ii) in equation (i), 
we have 


t>= 130 x I0- 3 x 1-76 x 10 11 X0-232 


where ^=l’76xlO u 

m 

t>=5*32xl0 7 metre/sec. 
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and 


V= 


v 2 m _ (5*32 x 10 7 ) 2 


2 Q e 2x 1*76 x 10 11 
=8040 volts. 

2. A potential difference of 300 volts is applied to two parallel 
plates 6 cm. long and 2 cm. apart. An electron beam projected is 
deflected by 5'37 mm while passing between the plates. If simulta¬ 
neously a magnetic field of O'5 m. wb/m 2 is applied perpendicular to 
the electric field , no deflection occurs. Determine (/) the velocity 
with which the electron enters the field , and (//) the ratio of QJm 
of the electron. 

(i) If vk is the velocity with which the electron enters the 
field and V d is the potential between two plates, then 
QjVj _ V d 300 

d 


Q e Bv k or v*=^= 


(//) We know that tan 0 


0*02 x 0*5 x 10" 3 
= 3x 10 7 metres/sec. 
d 0-00537 


0: 


<// 2 ) 

10-15°. 


003 


=0-179 


Now 


Again 


r = 


/ 

sin 0 
mv k 


or 


sW ^ 034 mc,re - 
3x 10 7 




BQe m Br 0-5xl0’ 3 x0-34 
= 1-7x10” Coul./Kg. 

3. In a C.R. tube a pair of deflecting plates are 4 cm. long 
and are spaced O'5 cm. apart. The distance between the flourescent 
s SI!? en ? n( * ^ ie deflating plate is 16 cm. The final anode voltage is 
200 volts. Calculate (a) displacement produced by a deflecting 
voltage of 20 volts. ( b ) angle of beam with the tube axis on emerg¬ 
ing from the field. 

2x2000x0-5 ^ x4 + 16 ). 


(a) Total deflection d= 


^=^=0 72 cm. 


(A) tan <f= 


d 

hl+D 


V d l 


2 KS 


= _ 20 x4 

2x2000x0 5 
=004 
^=2° 18'. 


,*■ ! n a Mhoderay lube a pair af deflecting plates are 2 0 cm 
long and are spaced OS cm. apart. The distance from the centre of 
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the plate to the screen is 24 cm. The final anode voltage is 1000 
volts . Calculate (fl) the displacement produced by deflecting voltage 
of 30 volts (b) the angle which the beam makes with the axis oj 
the tube on emerging from the field, and (c) velocity of the beam on 
emerging from the field. 

(a) Approximately the deflection produced 

* K ' /D 


(b) 


2 .SVa 
30x2x24 
“ 2x0 5x1000 
d= 1'44 cm. 
d _ V d l 
tan + = D~Tsy: 
30x2 


cm.. 


006, 




~ 2x0*5x1000 
^=tan-» 0 06=3° 26'. 

-m 

=5 94 x IO'vW metres/sec. 

= 5'94xlOV(IOOO)- 

v= 18 78 x10 s metres/sec. 

5. The spot of C. R tube is displaced vertically by >"agnetic 
field of flux density I O'* webers per square metre. 
the deHection plates is 0 4 cm. The final anode voltage s 600 volts. 
The length of the magnetic field is 3 cm. while that of the deflecting 
plates is also 3 cms. Determine the voltage to be applied to yde- 
fleeting plates to return the spot to the centre of the screen. 

Take «=9 0xlO-*> kgm. and e=l'6x 10- Coulombs. For 
magnetic deflection, 


DIB 




V<2 V.) 

For electrostatic deflection, 

, V„!D 
J ~2V.S 

If magnetic deflection =electrostatic deflection 


then 


DIB lie \ _ Vi l]l 

V(2K.)VU/ V ‘ 2S 

V d=V (2V.).BS Jfa) 

. /f|-6xl0-\ 

=V(2x600) \0- , x0-4x.\0- , xJ^-g^sr) 


K fl =58 4 volts. 
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6. In a cathode ray tube employing magnetic deflection , the 
distance from the screen to the centre of the coil is 24 cms. The 
length of the field along the axis is 4 cms. Calculate the magnetic 
flux density required to reduce a deflection of 1’2 cm. on the screen 
for final anode voltage (a) 400 and (6) 600 volts. 


<«) 


1-2x10-*= 


(*) 


„ wfe) 

V(2 V .) 

For F fl =400 volts, 

B x 24 x 10~* x 4 x 10~ 2 ( 1-7x10 11 ) 1 ' 2 

1/(2 x 400) 

=5x 96V(2*2), 

1-2x10-* 

96 x \Z(2'2) 

5=8428 xlO” 5 weber/sq. metre. 

For K fl =600 volts, 

5 x 24 x 10-* x 4 x 10-* (1 -7 x 10 n ) x/2 
V(2 x 600) 


1-2x10-*: 


=5x96 




l-2xl0-V(12) 

26xV(17-6) 

5=10-35 xlO’ 6 webers/sq. metre. 

7. A sinusoidal voltage 20 sin 100nt is applied to the y de¬ 
flection plates of a C. R. tube. Time base voltage is applied on the 
x deflection plates. What should be the frequency of the time base if 
two complete sine waves are required to be seen on the screen. If the 
time base voltage is required to be obtained from a neon time base 
calculate the value of charging to be used. It is given that charging 
condenser=001 rf. Battery voltage E d . c . = 220 volts, striking 
voltage = 150 volts , extinguish ing voltage =120 volts. 

Periodic time of sine wave* see. 

50 

To get two sine waves, periodic time base 

1 1 

~ 2 X 50=25 SCC - 


•*• Frequency of time base=25 c/s. 
For neon time base, /=• 1 


CR log. 


50=- 


E+e.— V, ' 
E d . e .-V s 


R x 001 x 10-* x 2-306 log l0 ^- Q ~ 12 ° 

5,0 220-150 


For this case 
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or 


R= 


1U0 

50x0*01 xl0- 6 x 2-306 log 10 ^ 


=2*25 xlO 5 obms. 


8 . An electron is travelling with a velocity of 2'25 X 10* mjsec. 
Find whether it possesses sufficient energy to 
(/) ionize a normal atom of neon , 

(//) ionize a normal atom of nitrogen , 

(///) excite an atom of helium. 

The ionization energies for neon and nitrogen are 2T5 and 14 5 
ev. respectively and excitation energy for helium is 19'7 ev. 

We know that the energy of the electron=jmv 2 
= l x 9 ’ 1 x 10 - 31 x (2*25) 2 x 10 12 =28-45 x 10-” joules 
= 2^45xl01’ =17 . 8ev . 

1*6 X 10 " 19 

Therefore, . . 

(i) neon will not be ionized, (ii) nitrogen will be ionized, 

(iii) helium will not be excited. 

9 A sodium atom is excited and electron from the outermost 
orbit ‘goes to next higher permitted orbit by absorbing 2'09 ev of 
energy. Calculate the frequency and the wavelength of radiation 
when the atom comes back to the normal state. 

AW 2 09 e.v. 2-Q9x l* 6 x 10 ~ 19 
We know that /—j— (FfcMxTtF””“ 6*24 x 10 “* 4 

3*344 xl0 “ 19 joules 
” 6*624 xlO "* 4 

=5 05 x 10 14 Hz. 


and 


3x10* 


X ~ f 5 05x10“ 


= 5*94 x 10 -7 metres 


=5,940 A. 


10. The emitter of a photo-tube is illuminated by light of 
wavelength 4800 A. The emitter surface has a threshold wavelength 
of 6400 A. Determine the maximum velocity of electrons emitted 
from the photo emitter. 

We know that /jv=/iv,+ \m,v 2 
where ^Threshold frequency 
\m f v i =h'i—b l =h (v—v,). 

-6-62x10—(-5—^) 

_./ 3x 1 C 8 3x 10“\ 1 
= 6'62x lO ' 3 - 3400 -; 10 ~'° 


or 
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19 86x 10~ 18 
. 192 


I1A = 10- 10 m] 


Solving we have u=477 X10 3 m/sec. 

11. The light flux on the surface of photocathode is 1/48 W 
lumen. The sensitivity of cathode is \5jiA per lumen. The mwWi- 
plier stages of the photo multiplier are 8, load resistance is 5 megho 
and output voltage is 100 volts. Find the multiplication per stage. 


The emission current- 


= 48^0 Xl5- 320 ^ 


Let the multiplication per stage=.x 
The output current=pjj- x* 8 p-A. 


or 


Output voltage= 32Q x - T ^ 

x 8 =64x!00 

*=299. 


x 5x 10 6 volts=100 


EXERCISES AND PROBLEMS 

1. Sketch the construction and explain the operation of typical diode valve. 
Discuss the meaning of ‘space charge* and 'saturation current* as 
applied to a thermionic diode. 

2. Explain the constructional feature of a triodc. Describe how its chara¬ 
cteristics may be experimentally studied and show how the constants 
may be evaluated from the curve obtained ? 

3. Describe an experimental arrangement for obtaining the characteristic 
curves of a triode valve. How arc the amplification factor, mutual con¬ 
ductance and internal resistance calculated from these curves ? Show 
that 

/*=*> 8m 

What do these constants signify ? 

4. What arc the principal advantage of tetrode valve as compared to triode 
valve ? 

5. Trace the development of screen grid and pentode vacuum tubes as 
amplifying valves, giving reason for the introduction of the auxiliary 
grids, and explanation of their functions. 

6. Explain the construction and use of a variable mu tube 

7. Draw the plate characteristic curves of a tetrode and indicate the region 
of negative resistance. Explain why the plate current reduces with the 
increase of plate voltage in this region. How is this phenomenon elimi¬ 
nated by the use of a suppressor grid at low potential ? 

8. Discuss how secondary emission effects arc eliminated in a beam power 
tube. Draw the plate characteristic and discuss the advantages and 
limitations of a beam power tetrode and compare it with a pentode. 

9. Using labelled diagram describe an experiment to determine the charac¬ 
teristic curve of a triode tube of plate current variation as the grid vol¬ 
tage is varied. 
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10 . 

11 . 

12 . 

13. 

14. 


15. 


16. 


17. 


18. 


19. 


Why should .he fixed grid bias of e tube be always greater than the 
maximum value of the input signal in amplifying circuit . 

What is meant by interelectrode capacitance ? Why is it necessary to 
keep these capacities at a minimum ? 

What is meant by secondary emission ? 

What effect does secondary emission have upon the operating characte¬ 
ristic of a tetrode ? „ . . 

How does the addition of a suppressor grid reduce the effect of second- 

HxplaTthe n necessity of having a suppressor grid in addition to screen 

grid Point out the essential features of the pentode. 

How do the characteristic curves for a pentode compare with those for 
Describe the construction of C.R. tube. Discuss clearly the function of 

(i) Derive an expression for the electrostatic deflec.ton senst.tvty of 

(ii ) Derivesm expression for the magnetostatic deflection sensitivity of 
a cathohc ray tube. 

Make the correct answer: . 

{ a) In an oscilloscope, the voltage to be viewed is applied to 
(i) horizontal input terminals, 

SrSort;^P»« terminals, depending on its fre- 
quency. 

(iv) Synchronising amplifier terminal. 

(b) A pattern on the oscilloscope screen can be made to stand 
carefully advancing the 

(i) Sync-amplitude;conirol. (n) focus control, 

(iii) horizontal-positioning control, 

(iv) Coarse-frequency control. [Ans . (a) (irt> (b) (i> ) 

(t) photo'tube is evacuated to a high degree so that ionisation is 

» Thettnshlvity of photo-tube as -pared to - photo tu, is 
large. 

21 Make the correct answer: 

(a) Gas phototube is filled with. 

(i) inert gas at low pressure. 

(il) inert gas at high pressure. 


20 . 
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(6) In photo-conductive cell the electrical resistance 

(i) decreases with increase of illumination, 

(ii) increases with increase of illumination, 

(iii) neither increases nor decreases with increase of illumination. 

[Ans : (a) (i). (b) (i)] 

22. What necessitated the invention of the tetrode after the triode ? Com¬ 
pare the performance of the two kinds of the tube. 

Draw plate voltage-plate current characteristics of the tetrode for screen 
volts and show the tube can have negative resistance. 

How can the defect of tetrode be removed by the use of a pentode ? 

23. In a cathode ray tube, the length of the deflecting plates in the direction 
of the beam is 2 cm., the spacing of the plates is 0*5 cm. and the 
distance of the fluorescent screen from the centre of the plates is 18 cm. 
Calculate the deflection sensitivity if the final anode voltage is 1,000 
volts.. 

24. A CRT with accelerating potential of 10,000 volt has a deflection 
sensitivity of 0*45 mm/v. If an applied voltage causes a deflection 
of 6 cm., how much deflection would result with an accelerating poten¬ 
tial of 15,000 v ? 






SEMICODUCTORS AND TRANSISTORS 


There are a large number of materials which have resistivities 
lying between those of an insulator and a conductor (See Table-1). 
Such materials are known as ‘semiconductors’. At absolute zero, 
pure and perfect crystals of the semiconductors are noncondu¬ 
cting, their resistivity approaching to the resistivity of an insula¬ 
tor. They can be made conducting by adding impurities, and due 
to thermal agitation, lattice defects etc. Resistivity of a semicon¬ 
ductor depends upon the temperature, and it decreases with the 
rise in temperature; consequently, a semiconductor crystal beco¬ 
mes conducting even at room temperature. At room temperature, 
their resistivity lies in the range 10 2 to 10* ohm. cm. and is thus 
intermediate between the resistivity of good conductor (10“° ohm. 
cm.) and insulator (10 14 to 10 22 ohm. cm.) 

TABLE-1 


Electrical Resistivity of Various materials at 20°C in ohm-meter. 


Metals 

Semiconductors 

Insulators 

Ag—I-6X10 - 8 

Gc (pure)—0 47 

glass— 10 10 — 10 11 

1.7 v in -8 

Si fnurcl—3000 

mica-7 X10 14 

cu —1 / x 10 

Al—2-8 X 10 - 8 

Ul IJ/MI VI 

Fe 3 0 4 '>-001 

diamond — 10 14 

Fe-lOXlO ' 8 

In Sb~ 2 xl 0 4 


Constantin—49 X 10 ~ 8 

Sn (gray)-2xl0 - 6 


Nichromc-lOOxlO ' 8 




At ZU t, ll IS ODbCIVCU liiai -MW.™..- ; , 

Wing between metals and insulators. But it is not so at lower 
temperatures because resistivity of semiconductors depends 
strongly on temperature. At very low temperature a semicon¬ 
ductor behaves as insulator. 

From the study of their electrical properties (say in case of 
germanium) it is noted that ; . 

(0 Semiconductors have negative temperature coefficient of 
resistance i.e., their resistivity decreases or conductivity '"creases 
rapidly with the increase of temperature. In o ,her wor ^ ,hc "“"! 
ber of current carrier increases rapidly with the temperature, 
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especially at higher temperatures. “siston^' 5 ^ * 

the above, have positive temperature coefficient ot resistance^ 

(ii) Their electrical conductivity is very much affected y 

even a very minute amount of impurity added to it. 

Although silicon and germanium are the most popularr semt- 
conductors, there are also a large number of compound semicton- 
ductors such as metallic oxides and sulphides which are also of 
great practical importance. Refer to Table-2 wh e re~ \ -unwif 
of 3rd P 4th, 5th, 6th and 7th columns of periodic table are shown. 
The elements enclosed by the line are semiconductors. 

TABLE-2 

The elements enclosed by the line are semiconductors. 



Because of the importance of Ge and Si in present day electro¬ 
nics, we shall discuss them in detail. 

61. CHEMICAL BONDS IN SEMICONDUCTORS LIKE 
GERMANIUM AND SILICON : 

Silicon and germanium are elements of the fourth column in 
the periodic table. In solid state they crystallise into what is 
known as the diamond structure as shown in fig. 1 (a). Each 
atom is surrounded by four others at the corners of a regular 
tetrahedron. The lattice consists of a face centered cubic arrange¬ 
ment of atoms plus four atoms inside the cube (numbered as 
1, 2, 3 and 4). The four atoms which are bound to atom No. 1 
are shown in black. 

, The bonds between a given atom in this structure and its 
neighbours are called electron-pair bonds because bonds of this 
>type are accomplished by pairs of electrons. In fig. 1 (b) schematic 
' two dimensional representation of this electron pair bonds is 
shown. The dots represent electrons. In the actual three dimen¬ 
sional lattice, the bonds make angles of approximately 109° 
degrees with each other. 
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COVAL£NT qomds 


WINCE . 
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Fig I (a) Crystal structure of diamond 

(b ) Schematic two dimensional representation ol 
bonds in the crystal structure, 
ic) Germanium crystal structure showing 
(d , Germanium crystal structure with an 

force is balanced by tbe repulsive 1—- 


covalent bond, 
electron hole pair. 

arc brought close to each 
interacts with one ol the 
Each core will attract the 
will he shared by 
'electrons pair* as shown 
reach when the attractive 
force between two positive cores 
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and covalent bond is thus formed. These covalent bonds are the 
binding forces between the adjacent atoms of the crystal and the 
two electrons contributed by the two atoms still not available for 
conduction. It means electron pair is bound to the cores of the 
atoms. For their disruption, considerable amount of energy is 
required. Because of these covalent bonds, a crystal of pure 
germanium at 0°K is a non-conductor of electricity as there are no 
free mobile carriers of charge. 

At ordinary temperature, because of thermal energy, crystal 
lattice is in continuous random agitation. As a result, an indivi¬ 
dual electron of a covalent bond acquires sufficient energy even at 
room temperature to break the bond and becomes free. These es¬ 
caped electrons which are neither repelled nor attacted by the core 
of the atom move freely about the crystal in a random way like 
gas molecules. But when an electric field is applied, this random 
motion experiences a drift towards the positive electrode represent¬ 
ing the flow of current. 

When electron escapesfrom covalent bond to become free then 
empty space left behind is called a hole. The tendency of one 
remaining electron in covalent bond is to form again an electron 
pair for which it steals one electron from an adjacent pair due to 
favourable situation arising out of thermal agitation. Thus the 
previous hole is now shifted to another place from which electron 
! is stolen. Thus when a hole is once created, it moves about in the 
crystal in a random way in the same manner as do free electrons. 
In the presence of an external electric field, a steady drift towards 
the negative electrode superimposed upon the random motion of 
these holes and thus represents a circuit flow which is transported 
by the electrons. 

A free electron moving to and fro in a crystal lattice may 
collide with one of the broken covalent bond and as a result of this 
collision it may combine with a hole. This free electron on com- 
. bining with hole will destruct an electron-hole pair and a covalent 
f bond will be formed again i.c. a free electron will be converted 
into bound electron. 

The concentration of holes and electrons in a pure semicon¬ 
ductor rises to a level such that rate of combination of holes and 
I electrons equal their rate of production whicn increases as the 
temperature is raised. 

62. BAND GAP: FORBIDDEN ENERGY GAP, VALENCE 
AND CONDUCTION BANDS : 

We know that for the transition of an electron from the inner 
orbit to outer orbit of the atom some energy is required* therefore 
it should be obvious that different orbits correspond to’ different 
levels of potential energy. The electrons in an atom try to occupy 
tfce inner orbit but according to Pauli's exclusion principle no 
more than two electrons having opposite spins in an atom can 
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exist in the same energy level. In normal atom, therefore the 
electrons occupy all the lower energy levels, while the higher 
energy levels remain unoccupied. 

When two similar atoms are brought close together, there is 

an interaction or coupling between the orbits of their electrons 

that causes splitting of each individual energy levcl two f 
slightly different levels. In a solid, there is a large number ot 
atoms^hich are very close together; therefore the energy levels 
produced after splitting due to interaction or coupling be ween the 

various orbits of different electrons will be so nu % ,ous an ^ SO 
close together as to form a band that it can be regarded as essen 
tially continuous. If.ao energy band consists of as much electrons 
as permitted by Pauli's-Exclusion Pnnc.p'e then ius sa d to be 
completely filled band and thus in such a band there wdl be no 

free electrons for conduction of electricity, while for a partially 

filled band conduction is possible. 

! LcitJon 4 in the fieure 2. When atoms are brought further 


A70M/C SMC/A/O -* 

Energy band of diamond lailice as a function of atomic spacing 
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ms assume) is indicated at D where the two distinct and widely 
.parated bands exist. The lower band is completely filled called 
/alence band, whereas the upper band is normally empty called 
conduction band. 

In an insulator and pure semi-conductor (at °K) lower band 
is completely filled while the upper band is completely empty. The 
gap between these two bands is called forbidden band and is a 
measure of energy E g . Thus E g is the amount of energy that 
should be imparted to the electron in valence band to jump to 
conduction band. Electron thus jumped to conduction band leaves 
its vacancy in valence band and is called a hole. This hole freely 
moles in the band. 

In insulator E g is of the order of 5 to 10 volts and it is prac¬ 
tically impossible to impart this much amount of energy to the 
electrons in valence band so as to jump to conduction band. Con¬ 
sequently, conduction is not possible in the case of insulators. On 
the other hand E g is of the order of 1 or 0*75 volt in the case of 
semi-conductor and this amount of energy can be imparted by 
thermal agitation of the crystal lattice. With the rise in tempera¬ 
ture, more electrons from valence band jump to conduction band 
and this results in the increase of electron hole pairs. The band gap 
E g is the energy required to break an electron out of the covalent 
bonds so as to make it free for conduction. 

In an intrinsic semiconductor, the number of electrons going 
to conduction band as a result of imparted energy through thermal 
agitation of crystal lattice leave equal number of vacancies in the 
va ence band is shown in fig. 3(d). Thus number of holes in 
valence band equals the number of electrons in conduction band. It 
is also obvious from fig. 3 (d) that all valence electrons have an 
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r„'S”S d ^“.ss.., »*—» «,. 

given by 

F (£)= 


IE~ e p\ 
1+exp \ K b T ) 


where Kb is Boltzmann constant. 

F < Ef ElE)=\ e ncr gy state is occupied 
b < F v by an electron, 

At T#0 K, and E=Ee WHg,* “ ’° % 

Therefore, we find that at * <*« 

Ef are empty, Pereas all hose be b ^ „ 0 mofe rtmain 

With the rise in , he Wecrro/is to some extent. 

empty bu, they is raised there is a greater 

In other words when the temper ^ the Fermj , evd wllh an 
possibility of dectronsbeingfou v . cancy (ho | c) below Fermi 

-equal possibility of finding %£ semiconductor in which number 
level. Therefore,/or an Intrinsic se ^ ^ ^ 0 y ho fc s in 
of electrons m conduction ba q d in ,i, e middle of the 

valence band. and ralence band; and 

£S [o/Zermli 'el, is independent of temperature. 

Tet us further examine the Fermi factor, as gwen by. 

1_ 

f (^JE^E^KbT^ x 

for various values of temperature, T. 

(i) For T=0K and E>Ef . 

F(E)=f^r x = x 


t 


vo 


For T=0K and E>E F 
I 


F(E) 


F(E) 


levels are vacant. 


=0 


Fig. 4(a). Plot of F(E) as a 

function of E at T=0K. 
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(//) For T=300K , K D T=0 026eV, for E=E F +0'026eV 

f < £ )= ST * 34-°- 27 

but for £=£>-0-026 eV, 

£ ' P '-FqT-F37-» 73 

and for E=E F 

£(£)=-oVt=T = 0 * 5 » re g ard,ess of temperature 

£ _ T" * ^ 

(in) For various value of £ at T=300£ and r=1000Af, £(£) 
can be calculated and a plot shown in fig. 4(b) can be drawn. As 
is obvious from the curves (fig. 4b) that at £=£f, £(£) is always 



Fig- 4 (b). Plot of E and F(E) at T=300K and T= 1000K. 

°-L W ^ Ver , be , t !’ e l . em P cra ' urc - Therefore the Fermi level, E F , 

level is ar S nlZt?J,!\' ar " g “ probablli, y °f occupancy of 0 50 Fermi 
olfi hLf h ' a ;. ' mp0rtance in lhe consideration of two 
lout 1 ' n . C “ When the two solids are in 

?n one soliH mL/h , 1S ^ C,mal equilibrium, the Fermi level 
ohd /e Fel ', CXai ; ,ly the same energy as in the other 
F l are al, gned. Refer to art 6 9 where p type 

junction^ materia s have ^ een brought in contact to fornfa^-* 
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63. PURE OR INTRINSIC SEMICONDUCTOR AND IMPU¬ 
RITY OR EXTRINSIC SEMICONDUCTOR 

Now we proceed to classify the semiconductors : 

(i) Pure or intrinsic semiconductor 

Germanium and silicon, in the pure form are known as intrin¬ 
sic semiconductors. They have crystalline structure. In metals, 
the atoms are very close to each other and the electron in the 
outer shell of an atom is as much associated with its parent atom 
as with its neighbour. Due to this fact, the electron has almost 
zero affinity with an individual atom. Under the action of applied 
electric field, these electrons are free to move within the body of 
the metal. In semiconductor, at low temperature, the electrons are 
strongly bound to the atoms and the conduction is not possible. 
When the temperature is increased, more and more electrons, 
become available for conduction. Germanium has four outer 
electrcns and each of the four electrons, forms covalent bond with 
one valence electron of the adjacent atom. The covalent bond 
provides force which is responsible to bind the adjacent atoms. 
Thus every electron is tightly bound and in appreciable energy 
(0*76 eV) is required to release an electron from its bond. The 
energy may be provided by incidence of photons in the visible 
range or by bombardment of semiconductor sample by a particles, 
electrons and other particles. Once a covalent bond is broken, 
the electron is released and moves through the lattice in same 
manner as electron moves in a metal. When an electron is remov¬ 
ed from a covalent bond, an empty space is left behind which is 
known as a hole and has a unit positive charge. The holes move 
through the crystal lattice in a random fashion as liberated ele¬ 
ctrons and contribute to current when an electric field is applied. 

A semiconductor in which electrons and holes aic created solely 
by thermal excitation across the energy gap is called an intrinsic 
semiconductor. The electrons reaching conduction band due to 
thermal excitation leave equal number of vacancies or holes in 
valence band i.e. t in intrinsic semiconductor concentration of 
holes and electrons must always be the same. 

(ii) Impurity of Extrinsic Semiconductor 

The intrinsic semiconductors arc of little importance because 
of negligible conductivity and moreover the conductivity has little 
flexibility. These limitations are overcome by aading a small and 
measured amount of chemical impurity to the intrinsic semicon¬ 
ductor. The resulting semiconductor is known as extrinsic semi¬ 
conductor. The added impurity is very small of the order ol I 
atom per million atoms of the pure semiconductor. I hus when 
impurity atoms are incorporated in a pure semiconductor crystal, 
the electric properties are altered and most ol charge carriers 
originate from impurity atoms; such an impurity semiconductor 
is known as extrinsic semiconductor. 
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6 4. MOBILITY, DRIFT VELOCITY AND CONDUCTIVITY 
OF INTRINSIC SEMICONDUCTOR : 

Due to thermal agitation and lattice vibration, some of the 
covalent bonds in semiconductor are broken and some electrons 
become free. When an electric field is applied, the electrons drift 
towards the positive electrode and hence constitute the current. 
Similarly, the absence of an electron from a band known as hole 
constitutes a net positive charge. This hole moves towards the 
negative electrode constituting the current. 

Thus due to the application of potential difference between 
both ends of a crystal, charge carriers attain a drift velocity Vd 
which is proportional to the field strength F and is different for 
different semiconductor materials and for different type of charge 
carriers. Therefore, 


VdeeF 



where /z is called mobility of a charge carrier defined as the velo¬ 
city of a charge carrier produced due to unit field strength. 

It should be noted here that in a pure semiconductor under 
the influence of an electric field electrons move in a nearly empty 
conduction band, whereas holes move in a nearly filled band*. 
Therefore, an electron in conduction band is subjected to different 
conditions compared to a hole in valence band. Thus properties 
assigned to a hole e.g. mass mobility etc., will not be the same as 
those of an electron in the conduction band. 

Since the type of drift of electrons and holes under the action 
of an applied force is different, /z, the electron mobility, at any 
temperature will be different (greater) than the mobility, n P> of 


If n is the density of the electrons in conduction band of 
semiconductor then net charge per unit volume available for the 
conduction of electric current will be 


=ne 


CUrrCnt dcnsi,y J ° duc 10 Girons is defined as the 

to^het fl HrTfi n n„H C /°, S u uni ' area of cross-section per unit time due 
to their drift under the influence of applied electric field F and is 
given by 

J n =nev dn . (jj 

where v Jn is the drift velocity of electrons and is expressed as 
_ V ^=^F. ... (2) 


electron “ r ,. " * CryS,al 15 dilTercnl from of a free 

electron Forces of attract.on and repulsion act upon an electron because 

of the close proximity of the atomic nuclei and of other electrons 
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If is the conductivity of semiconductor material due to free 
electrons, then current density /. due to dr.ft electrons » also 
given by 

/„=<7„F. - (3) 

From equations (I) and (3), 

ne Vd 

°’=-r 

( f r om eq. 2) 

Similarly, in valence band, if p be the density of holes, then 

a p , the conductivity due to holes is 

o p =pepp 

where p p is the mobility of holes. 

Therefore, total conductivity is 

o=o p -\-o„ 

—e{pnp+np*). 

For intrinsic semiconductor density ofholesm valence 
is equal the density of electrons in conduction band, i.e. 

n=p=n, t 

cn that o=eni (nn+Pp)' . 

where n ( is the number of electrons or holes per unit volume m 
the material and is given by 


n,=J Z(E) F(E) dE, 


Z(E) dE=CE'i* dE, 
where *■£ 

and Z(E) is the energy density of states* and F(E) is the probabi¬ 
lity that a quantum state of energy. E, is occupied. 

6-5. CARRIER CONCENTRATION IN INTRINSIC 
SEMICONDUCTORS : 

--The number of occupied s.a.cs belwecn encrcy £ and E+dE .» 
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FORBIDDEN 


FILLED 

VALENCY BAND 


Fig. 5 (a). Band model in 
intrinsic semiconductor. 


but as the temperature is raised the -- 

electrons are thermally excited from empty 

valency band to the conduction band. conduction band 

In conduction band these electrons 
become free so that conduction is f cnoomncu 

possible. Both, electrons in conduction ^ _ E 

band, n Ct and the holes in valence band BAND 

n h , will contribute to th electrical -- 

conductivity. filleo 

r-t * i 4* r 4 ... VALENCY BAND 

Calculation of electron and hole 
concentration: - 

We shall now calculate the Fig. 5 (a). Band model ii 
number of electrons excited into the intrinsic semiconductor. 

conduction band at temperature, Tand also the hole concen¬ 
tration in the valence band. It will be assumed that electrons in 
the conduction band behave as if they are free particles with an 
effective mass m,*, also the holes near the top of the valence band 
behave is if they are free particles with an effective mass m h *. 

In calculating the carrier concentration! in intrinsic semicon¬ 
ductor we shall proceed in two ways : 

(0 In the first way we assume that width of conduction and 
valence band are small as compared with forbidden gap so that 
we can take that all the conduction electrons have energy equal 
to £f, whereas all valence electrons have energy equal to E v . That 
is the energy of valence band can be presented by a single energy 
E v and that of conduction band by E c . This assumption is not 
accurate. r 

00 As stated in point (1), it is not justified to take up a 
!T Crgy for a com P letc band and we take up the 
We tnL thl °'tK d C , n " gy band as con ?P ara ble to forbidden gap. 
Ivinp hf»tu th £ e,eclr °ns in conduction band may have energy 

,h ' in b “ d ”' 

an imHn d sic ri ?rm°iL d ? C . in firSt u' ay wil1 not be accurate since in 
band have en.rT!°? d , U ? t0r r ne,lher al1 ,he electrons in valence 

band possess en^rev^n cf* thC e,eclrons in conduction 

may ha£ e nS T, ''°r E ‘' Electrons in conduction band 

.fdectrons 

n <=\~E Z ( £ ) F (E) dE. 

--- J c in 

beahves as an insulator conduction ,s poss.blc and material 
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The upper limit of the integral is put as infinity for conven¬ 
ience in the integration. The limit will certainly include all the 
electrons in the conduction band (£ c is the energy at the bottom 
of the conduction band). Further function £(£) decreases as we 
move up in the conduction band because for £>>£,, F(E)=0 
and hence we can take £=co as the upper limit for this band. 
The energy density of states, has plotted in fig 5(b) as a function 
of energy. 



Fig. 5 (b) Density of states io an intriosic semiconductor. 

Near lower edge of conduction band Z{E) cc (f—£ f ) 1 /- 
and near top of valence band Z(E) cc (E v —E) x i* 

The energy density of states at the bottom of the conduction band 
of a semiconductor is given by 


Z(£)=Tj(2»if*) 5,! (E-E,)*, 


( 2 ) 


where m," is the effective mass of the electron in the band. It is 
necessary to introduce the concept of effective mass to take into 
account the influence of the neighbouring atoms and charges on 
the motion of an electron in the band. Thus an electron will 
respond to an applied force as if it had a mass m, (not the free 
electronic mass m) when it is in conduction band. In the valence 
band the effective mass of the hole is written as m**. 


'• f(£,- exp. {{E-E P )IK B T}+\ 

and applying equation (2), we get this density of electrons in con- 
duction band as 

4rr n f- (£—£ f ) l/2 dE _ 

” c “/i 3 2m ' J£c ex P- {(£—^ Ef)/KdT)+ I 

If (E c -E f ) >> 4K b T then term 1 in the denominator of the 
integrand can be neglected so that 
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„ c =i£(2m,*) 3 -*J“ (E-E c )'* exp. {( Er-E)!K B T } dE 


Putting 

^d^-=x (giving dE=K„T dx), 
we get 

„.=J (2m.*) 3 - 3 Xexp. (EbT)'^ e-K B T dx 

J” ( 2 *.*) 3 -*x(JW-* exp. «- * 

=5 (2m.*) 3 -* X (K b T)*P exp. ^ 

where for integrand, ^-has been substituted. 

Thus 

J27,n,SK B Tyr- _ (Ef—E c \ 

" c- -( 1? ) exp l/f s r). 

(b) Density of holes in valence band : To calculate the density 
of holes, n h in valence band, we shall use [ — F(E)] instead of F(E) 
as this represents the probability for a state of energy E to be 
unoccupied.! Therefore. 


...(3) 


"<i=J^Z(£)[l —E(E)]dE, 


...(4) 

where the lower limit has been taken — co for convenience and 
for it will include certainly all the holes in valence band. With 
(E f -E) » a few K B T, 

1 —£(£)= I —[exp. {(E—Ef)IKbT}+\]~ 1 
~ 1 l 1 exp. {(E-E f )IKbT}) 

= exp. {( E-E f )IKbT }, 

from which we infer that since in valence band E<F f> function 
[1— £(£)] decreases exponentially. In other words, in going down 
below the top of valence band probability of finding holes decre¬ 
ases. This implies that holes reside near the top of valence band. 
The value of 2 (£) near the top of valence band is 

Z (£)=J(2m**)*/* (£„-£)>/=, 

where m h * is the effective mass of hole near the top of valence 
band. Therefore from eq (4), 


t£(E) is the probability for a state of energy £ to be occupied. There¬ 
fore probability for a state of energy £ to be unoccupied will be [!—£(£)]. 


Semiconductors and Transistors 


199 


|V„-£)" ! exp. 

4 (2M ^,exp.(^)JS£.-^ e xp. (%?-) * 


Let 






and 


dE=-xK B T, so that 
, (^gfrJJV OT* e- (-X.D rf.v 

4 um'r «p. (t4) i w J> *'* * 


nt =J-(2m,*) 3 ' ! exp 


■■[^ r - p © 

«l/2 . . 


...(5) 


after using for integrand. 

(C) Fermi Level: In an intrinsic semiconductor, we know 
that 

n c -nu 

After putting values of// t and/,, from equations (3) and (5), 

wc get . £ £ i 

K*) 3 ' , «p( ? 7#) =(m ‘* )3:cX w' 

' - - * ' * \3.2 


or 


exp (-357 s J W*/ 


Taking logarithm. 

7Ef —E,—E, 

K,r 


or 


i« (S) 


• ■■(6) 


When m,,*=/",*. we find 

r,- £ - +£ ‘ , 

r jswks f 
‘ B rri « f ™ “ '• 

^ r ^ = a ,,, RS 5 r‘-“ d “ , ' ,, “" 

in valence band, n„, interns of band gap E r . 

From equation (6), we obtain 

- r w^l4^1ogf^) 
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Similarly, 

Substituting these values in equations (3) and (5) respectively. 

- 2 (tt 2 )"’ “P-(55r) 

Similarly, 


...(7) 


■2 
■ 2 


I 

f 2mm** KbT\’i* 


t 

( 


mr 


exp - l2*jrj 

exp - [i^-] 


...( 8 ) 


2 (Hf 

(2nK B T\>l\ . .... r-^c 1 

From equations (7) and (8), we infer that 

n e =n h =n, 

and conclude that 

(/) in on intrinsic semiconductor density of electrons in con¬ 
duction hand equals the density of holes in valence band , and 

(//) n ( or ih, increase exponentially as the temperature increases. 

However, the results have been deduced on assuming that 
rermilevcl is more than a few K n T away from the bottom of the 
conduction band and from the top of the valency band. 

Electrical conductivity : The conductivity of intrinsic semi¬ 
conductor is given by 

*=//,<? 0*n+M/.) 

= 2 y ~fp ) W exp. (-E s !2K D T)e(p n +p p ) 

•••(9) 

Tn? mol ? ,1,t,es P* a " d /^ have a temperature dependence and 
will largely cancel the T 3 ' 2 temperature variation of the term 
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(?»*»! ) 3, W m *) v> 

so that the conductivity, a, is dominated by the exponential term. 

e -Ehl2K B T. There f ore we can write eq. (9) as 

—E g l2K B T 

a=constt. e 

or resistivity 


p=constt. e 


EJ2KnT 
E t 


or 


[I* f 

log f p—log.- (constt.) + 2 /^y- 


which is the equation of straight line. 

This is confirmed by plotting log^> 
against \/T for some intrinsic semicon- | 

ductors (fig. 6)- a 

The slope of the lines, E g /2K B T t will £ i 
nrovide the value of energy gap, E t . m 
germanium it is 0-78 eK and in silicon ^ 

it is V2\ eV. 

In the following table, resistivity p, at (1/t)x10 .„ 

room temperature and the energy gap, Plot of resistivity 

for the elements in the fourth group of Fig. ^ |/?> 
periodic table are shown. 

TABLE 3 




C 

Si 

Ge 

Sn 

(gray) 

Pb 

p 

ohm. 

met. 

to 14 

| 3.10 3 

0.47 

2.10-* 

2.10- 7 

E* 

5*2 

1-21 

075 

008 

No gap. 

eV. 





J- 



--- 


As we look from carbon to lead we no.e^a g ^ encrgy gap 
ah\ n de n S 0r of"ec.r nThe conduction band is esse, 

tially independent of temperature. 

6 6. LAW OF MASS ACTION : , . ( 

From equations (7) and (8) of art. 6 5, we find that 
n c xn*=4 exp. 
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We infer that at a given temperature the product of hole and 
electron densities is constant and is independent of the Fermi 
level. If n and p be the total concentrations of electrons and holes 
in conduction and valence bands respectively, then by using the 
fact that 

n c =n =number of electrons in conduction band, 
and n,,=p =number of holes in valence band, 

we write 

n<n h -*np=% [ 2n fr - j 3 (nt c *nih*) 312 exp. 

=a constant at a constant temperature. 

Thus the product of electron and hole concentrations, for a 
given material, is constant at a given temperature. If impurity is 
added to increase n, there will be corresponding decrease in p> so 
that product np remains constant. This is known as law of mass 
action. 

Therefore in an intrinsic semiconductor 

///> =/!//>, =/i, 2 , 

since n=p=n t for such a semiconductor. The product np remains 
constant for a semiconductor irrespective of its being extrinsic or 
intrinsic : n, is called the intrinsic density of either carrier. 

6-7. IMPURITY SEMICONDUCTORS : THERMAL IONISA¬ 
TION OF IMPURITIES : 

The conductivity of semiconductors can be increased by adding 
some impurity atoms. The conductivity of the resulting crystal 
will depend upon the type and amount of impurity added. The 
added impurity may be either donor or acceptor type as discussed 
below for germanium crystal: 

Donor Impurities. If a pentavalent impurity like arsenic or 
antimony is added to pure germanium crystal then resulting crystal 
is called n type or donor type. 

As shown in fig. 7 (a), four out of five valence electrons of 
arsenic atom form covalent bonds with the valance electrons of 
germanium atoms. The fifth valence-electron of arsenic atom is not 
covalenily bonded but it is not completely detached from the 
arsenic atom itself. A small but finite amount of energy is required 
to detach it from the nucleus of arsenic atom. This amount of 
energy is known as ionisation energy of the arsenic atom. In 
germanium, ionisation energy of arsenic, antimony, phosphorous 
atoms is found to be approximately equal to 0 01 eV. It is obser¬ 
ved that ionisation energy decreases slightly with the increase of 
impurity contents. Since ionisation energy of an arsenic atom in 
germanium, almost all arsenic atoms will be ionised at room 
temperature so that fifth valence electron in each arsenic atom is 
detached completely and moves freely in a germanium crystal. 

More are the impurity atoms, greater will be the free elec- 
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„) Arsenic impuri.y added .o germanium cr*UI. Donor .ypc impurity 
(b ) Acceptor W-*** p , ype scn , iconduc ,or bands. 
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the current carriers are nega i y A$ (he impurlt y 

om don at es "e I ec tr o n s to the crystal conductivity, it is called 

d0n °Ut us consider the case when^n^type^scmiconductor is placed 
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negative electrode. The oono . of pu ]i c d electrons is 

metal of negative dcctrode l0 lhc positive electrode, 

the same as the number of free cqual l0 the 

SSftW-tB. * - * 
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not contribute much to the current flow and hence they are called 
as minority carriers while the free electrons are known as majority 
carriers. 

Acceptor Impurities : If trivalent impurity atom (like boron or 
aluminium) is added to a germanium crystal then its three valence 
electrons form covalent bond with the valence electron of three 
germanium atoms. There is a deficiency of one electron and this 
deficiency is called a hole. The remaining fourth atom of the 
germanium also tries to form a covalent bond. As a result, it 
seeks to acquire fourth electron and it does so by taking the 
advantage of any thermal motion that fortunately brings an electron 
from neighbouring germanium atom into a favourable condition 
to be captured. Due to this stealing action, a hole is created in 
the adjacent atom that moves about in a random way due to 
thermal effects. For such an stealing action in which other electrons 
jump into the holes, some energy is required and is approximately 
equal to the ionisation'energy of donor levels in the same material. 

Impurity atoms that contribute holes in this manner are ter¬ 
med as acceptors because they accept electrons from germanium 
atoms. Since current carriers are positively charged particles 
(holes), this type of semiconductor is called /7-type semiconductor. 

The /7-type semiconductors has a large number of holes (majo¬ 
rity carriers) with equal number of immobile ionized acceptor ato¬ 
ms; of course, the number of electrons (minority carriers) is negli¬ 
gibly small. Under the influence of electric field, mobile holes drift 
towards the negative electrode. When the holes reach the negative 
electrode, they pull free electrons from negative electrode and 
combine with them. Hence the holes are neutralized. At the 
same time the drifting away of holes from the vicinity of the 
positive electrode, leaves the immobile ionized acceptor atoms un- 
neutralizcd. This results in an electric field which detaches the 
loosely bound electrons from the ionized acceptor atoms. The 
free electrons then strike the positive electrode and enter the 
metal of positive electrode. Every acceptor atom, after having 
lost one electron, steals another electron from the adjoining atom, 
resulting in a new hole. The hole so created drifts towards nega¬ 
tive electrode, while the electron captured by the acceptor atom is 
detached and lost to the positive electrode. The semiconductor 
remains electrically neutral as the number of mobile holes under 
all conditions remain equal to the number of acceptors The 
voltage difference appears as the voltage drop in the semicon¬ 
ductor.^ 

6*8. IMPURITY STATES : ENERGY BAND DIAGRAM AND 
THE FERMI LEVEL : 

In impurity semiconductor, impurity atoms, however, reduce 
the energy gap E g . Donors represent isolated energy levels located 
so close to unfilled band (0*01 cV below the lower edge of con¬ 
duction band) that very little energy is required to lift an electron 
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- 


Fig. 8. (a) Indicating donor levels. 

(b) Indicating acceptor levels. 

from the donor level into the unfilled band (conduction band), 
where it is available for the conduction of electricity. Similar case 
is for acceptors representing isolated energy levels close to the 
filled band. The energy levels of the impurity atoms arc shown 
as isolated dots, not as a band because these atoms arc isolated 
from each other, (i.e., there is no interaction between impurity 
atoms). 

n-type semiconductor : Refer to fig. 8 (a). Below conduction 
band there are N d donor levels per cm* of energy £, At low 
temperatures, small fraction of donors will be ionised and practi¬ 
cally donor levels will be filled with electrons. Let us assume that 

(£<— Er)>^^oT t 

then in that case density of electrons in conduction band will be 
given by equation (7) of art. 6'5, i.e. 

ni= 2( 2 ”^ A " 7 ) 5 ' : cxp. m-E c )IK,T). -(I) 

If we assume that £> lies more than a few K D T above the 
donor level then the density of empty donors is given by 

Nd [I -F(£i) exp. {(Ei-Erf/KoT). .. (2) 

But the density of empty donors should be the same as the 
density of electrons in the conduction band. Then from equations 
(1) and (2), we get 

2 [^Mj' S exp. {E r -E,lK B T)=N d cxp.{(E,-E F )IK B T) 

Taking logarithm, 

^_^ = ,o g ,-, 62[ ^r 

or *_*+* + *r, og r ...( 3 ) 
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At T=0°K 


which shows that Fermi level lies exactly half way between the 
donor levels and bottom of conduction band. As T increases, 
Fermi level drops. This is shown in fig. 9 for the case (E F -t c ) 
=0 2 eV for three different values of Nd- 

Putting the value of E F from eqn. (3) into exp. (E F —E C ), we get 

IE,-E. \ (Nd) 11 * 

= eXP 1%T) • | 2 j 2nm*K B T 


exp ((,E F -E e )IK B T=exp 2Kb T +- loe 




(E,-E c ) 




which when substituted in equation (1) gives 
*-» t<p ' {E - E - m ‘ n 

=(2 NdY' 1 J"- «P- {(Ei-EMK B T). 


:(2 Nd)'* exp (-AEp.KnT) 


...(4) 


where AE=(E C —E,) is called ionisation energy of donors. We 
note that : 


(i) density of electrons in the conduction band is proportional 
to the square root of the donor concentration. 


(ii) as the temperature in¬ 
creases, the Fermi level falls 
below the donor level and it 


approaches the centre of for¬ 
bidden gap which makes the 
substance an intrinsic semi¬ 
conductor. The conductivity of 
intrinsic semiconductor is 
smaller than n or p type semi¬ 
conductors. 

In fig. 9, a graph is plotted 
in log n : and 1/7* which gives a 
straight line with a slope 
— AE/2K B . If T becomes suffi¬ 
ciently high so as to excite 
electrons from valence band to 



1/7 — 

Fig. 9 Variation of conduction 


electron density with temperature. 

reach directly to conduct on band (intrinsic excitation) then this 
slope changes to — E g J2K B as mentioned in art. 6-5. 


i 
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p-type semiconductor: Refer to fig. 8 (b). In this case acceptor 
levels lie above the valence band. The density of holes in the 
valence band can be obtained exactly in the same way as in the 
case of n c . We can show that 

»*=W'* ( 2 -^^) J ' 4 exp. (—AE/2KbT). ...(5) 

where AE=Ej—F u . 

In this case Fermi level lies half way between the acceptor 
levels and top of valence band at T=0°K. 

The above discussion holds true when density of available 
levels Zi with energy £, are occupied by density of donor electrons 
Nd at T=0°K as in the case of germanium and silicon containing 
trivalent and pentavalent impurities. But if Z, is much greater than 
Nd, as happens in the case of alkali halides containing excess 
metal, then only a fraction of available levels will be occupied. In 
this case, at any temperature T, number of filled impurity levels 
is equal to 

„ _ 

^"cxp. {(£,-£r)/*;n+1 

When (£/—£» > a few K B T y then 

N d =Zi exp. {(Ef-E.VKbT). ...(6) 

From equation (1), 

" c= ^( n* ) exp (^r 

on using equation (6). 

Further putting 

J£=(£,-£,) 

we find that the density ofclectrons in conduction band is given by 

in which exponential term consists of AE instead of AE/ 2 as com¬ 
pared to equation (4). n ( is proportional to N d . 

^ 6*9. p-n JUNCTION: 

When a piece of p*type material is in contact (say, used) with 
w-type material then the interface between the different regions is 
called p~n junction. A typical width of such a junction is I0' 4 cm. 
The Fermi level in p-type material is located close to the top of 
valence band whereas in n -type material it lies to the bottom ol 
conduction band. 
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The situation is shown in fig. 10 (b ). When the contact bet¬ 
ween two types of materials is made then to bring Fermi level in 
a line electrons in conduction band on /i-type side (supplied by 
pentavalent impurity atoms) travel across the junction and leave 
the positively ionised impurity atoms unneutralized. Consequently, 
there is a positively charged region adjacent to the junction in 
n-type material. On p type side, the electrons which have traversed 
the boundary recombine with positive holes in the valence band. 
Near to the junction on /?-type side, there is a layer of unneutra¬ 
lised negatively ionised trivalent impurity atoms which form a 
negatively charged region fig. 10 (c). These unneutralised impurity 
atoms are termed as ions. These ions being bound in the crystal 
lattice are immobile and no charges are available for conduction 
close to the junction. As shown in fig. 10 (c), this region around 
the junction is called charge depletion region or space charge 
region. Due to this space charge, an internal potential barrier, V B , 



CO/vovcr/b# 6A/V0 



ACCEPTOR ^-^ OOAWA7M 

frOAf \£xr£#r \£X7£A/r' (A/fVttXL) 

(M£OT7ML) ' OP I OS I 

\A£&47/f£\ ADSmv£ I 
\SPAC£ I SPACc • 

\GHA*6£ I OM£6£\ 

\A£G*0a/ \££0/0/V 

OAT | OAf ! 

\7i-ryP£ i 
I S/Oi f I S/DE I 

; : 

Fig. 10. (a) a p-n junction. 

(b) non-equilibrium energy band scheme. 

(c) development of space charge near junction. 

exist between n and p regions. The band edges in the two samples 
shifts themselves to make the alignments of Fermi level possible 
and the energy band diagram remains no more of the shape shown 
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in fig. 10 ( b ), but assumes a shape shown in fig. 10 (d). The con¬ 
duction band of p type is shifted upwards by eV B over the condu¬ 
ction band of n type where V B is potential barrier across the 
junction arising due to already mentioned space charge. 



CO/VDVC7/OA/ 

&4AZO 


JW/C7MV 





Fig. 10 (d\ Shifting of the bands of the two samples. 

Obviously, minority electrons in the conduction hand of p-type 
crystal is at a higher energy than the majority electrons in the 
conduction band of n-type crystal. The electrons crossing the 
junction from p region fide will not encounter the potential harrier 
while the electrons crossing the junction from n-region side will 
face this harrier. 

610 BARRIER VOLTAGE OR CONTACT POTENTIAL 
' ACROSS THE P-N JUNCTION: 

As mentioned in previous article that due to the positively 


jNa ACCEPTORS N d DONORS 
o-REGlON n-REGION 

J] 

r 



O |X 2 

—- 

—I 
1 

- 

1 

-eu. 




Fig. 11 (a) An-abrupt p-n junction 
i.e. which changes abru¬ 
ptly from p to n at X=0. 



Fig. 11 (b) Space charge region around 
the junction, shown separa¬ 
tely. 
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charged region on n-type side and negatively P har S c .f r ^ 0D T ?" 
p-type side! there exists a space charge near the pn jonction. The 
variation of potential arising out of space charge is shown 
fig. 11 (a) and fig. 11 (b). 

It is shown that barrier potential is 
V B =\V x \ + \ V 2 \ 

and the total width of space charge region 

X=Xi+X it 

where X x and X 2 are the widths of space charge region in the p 
and n sides respectively. 

To find the distribution of barrier potential in the space 
charge region, we proceed with Poisson’s equation 

d*V _ p 

dx 2 c • -0) 

in one dimension, p is the volume density of charge and c is the 
permittivity of the medium. 

The charge density in p side of the space charge region is 
given by 

P=-eN a 

where N a is the density of negatively charged (ionised) acceptor 
atoms. The potential variation in p side region is given by 
d*V _eN a 
dx- € 

Integrating, 


dVje N a x 
dx c“ + l ' 

where C, is a constant of integration. 
Applying the boundary condition : 

at.v= — X u 

to equation (2), we arrive at 

r cN a X x 

Ci=-, 


...( 2 ) 


so that 


dV__ cNgx t eNgXi 
dx € £ 


Integrating the above equation, we find that 

, eN a X lX , „ 
v 27” r' + Cz ’ 


...(3) 


...(4) 


where C a is another constant of integration. Applying the boun¬ 
dary condition : 
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at x=0, V=0, 
to equation (4), we find that 



& 

II 

o 

ip 


so that 

„ eN a x-_L eN a X,x 

V 2< € ’ 

...(5) 

At 

giving 

x=X t , V=V, 

y. ‘W. 

Vl 2< 

...(6) 


Similarly, for the potential distribution in space charge region 
on n side, we apply the equation 
drV _ cNa_ 
dx 1 € 

where N d is the density of the positively charged (ionised) donor 


atoms. 

The solution of above equation, on applying the boundary 
condition is. 

at x=0, K=0 

v dV -(\ 

and x-a 2 , 

eNjX* . eN d X z x 

we get v — 2 c < 


we get 

But at x=X 2 , V=V 2 , 

„ eN d Xt* 

so that Pt—j- • •■(?) 

(a) Barrier Potential : Therefore height of potential barrier 
across the junction is given 

V B =\V t \ + \V t \ 

tNJCt+NJCf \ 

=e [ - T< -) •••(*> 

Since the crystal as a whole is electrically neutral, we get the 
charge neutrality condition 

AU,=M/*2 -< 9 > 

Putting for X 2 from equation (9) in equation (8), we get 


giving 


( ,+ k)- 

. r w ' 

i 2 "'( ,+ s). 


..( 10 ) 

...(H) 
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Similarly, we can obtain 
X 9 .= 


- _ " 2c V B T' 2 


(b) 

equal to 


Barrier width : The space charge region has 
X=X l +X i 

NdlN„ !■/»,/ NJNd V '»l 


...( 12 ) 

a width 




-.(13) 


. . iprawj 

-^nsr+ffin 

Consider a typical example with 

N^Na&lO* 1 per met 3 
V B = 0*5 volt 

f 0 =8-85x 10~ ,s farad/meter 
€,= 16 for Ge 

so that €=€„ €,= I6x8*85x lO -13 farad/meter (for Ge) 

and e=l*6x 10" 19 coul. 

we find that thickness of junction barrier is 
x= 10 -8 met. 

If Nd » N a , then we can neglect N a in the sum ( N a +N d ) 
and also the term N a /Nj can be approximated to zero. Then equa¬ 
tion (13) gives 

nsnsr 

f2c VbV''- 

l eH a ! ...(14) 

which shows that width of space charge region decreases as the 
impurity concentration increases. 

Further, we find the ratio 


=(; 




and 


Xi = N<! 

X 2 N a 

From above two relations we find that 

Na ...(15) 

We note from equation (15) that when N d > > N a , K, > > V t 
which implies that the potential charge is confined to the region 
which has impurity in small amounts (lightly doped). 

(c) Junction Capacitance : 

The total positive charge in the n-type region is equal to 
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eNdX% coul./met 2 and the total negative charge in the p-type region 
is equal to —eN a X u coul./met 2 . But from eq. (9), on putting 
for X u we find that — eN a X\ is equal to —eNdX 2 which implies 
that positive and negative charges per met 2 have equal magnitude. 
The capacitance C per met. 2 of the barrier layer is then given by 

c= Wb ( eN * x J=w;[ eN ‘‘ {iau 1+m,/*.)} ] 


4 


.(! +N<IN,y 
eN a N d TV* 


2< y B (N a +N d ) 


I 


fusing eq. (13). 


Which for a typical example discussed in point (b) is 
c _16x8-85xI0-» 
io- e 

^144/xF/met 2 

Barrier Potential int erms of the Intrinsic Density of either 
carrier: 

As mentioned in art. 6'9, the potential barrier is created due 
to the alignment of Fermi levels of the two sides. Refer to fig. 10</, 
Fermi level on p side has come down by AE’ and has gone up by 
AE on n side, thus 

AE’+AE=eV B , ...(16) 

We have seen in equations (10) and (11) of art. 6 5 that elect¬ 
ron density in an intrinsic semiconductor depends on the Fermi- 
level and addition of donor impurities simply increase the Fermi 
factor by exp. ( AE/K D T) where AE is the shift in Fermi-level. 

We know that density of electrons in conduction band in an 
intrinsic semiconductor is given by equation (7) of art 6’5 which is 

J2nmSK B TVi* (E F -E f \ 

”'° 2 l /," ) exp - 

Addition of donor impurities raises the Fermi level, say, by 
and umount AE so that new Fermi level is 

E'f^Ef+AE 

Therefore density of majority carriers, i.e. electron density on 
n side will be 


. /2nm*K B T \ 3 '* _ (E'f-Ef \ 

|p J exp.^ KbT j 


2*m,-K B TV“ cxp [ Er+AE-E 


= 2 (2j^I) 


r ) 


...(17) 


/i 2 J ~ i "\ K b T 

=m exp (AE/K B T) y 
The density of minority carriers, i.e. electron density on p side 

will be 

/ X n * 
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where n h is the hole density on p side and given by 

n h =ni exp ( AE'IK B T ). 
Therefore (n e ) p s ide=ni exp (-AE iK B T). 

From equations (17) and (18). we get 

S =exp ) 

=exp (< iV b IK b T) 


or 


V B 


k b t. r («,)„- 

-~'” e las. 


...(18) 


...(19) 


We can calculate the minority carrier density from the relation 


w f xn A =n/ 2 , 

for a semiconductor or crystal. 

In a crystal containing N d completely ionised donor atoms, 
we can write 

(*'+%) «i*. 

where n c ' and n h ' are thermally generated electron-hole pairs. 
When doping is such that N d »n e ' and is true for n type crystal, 
then 


N d n k '=n?, 

in which n h ' should give the hole concentration in n type crystal 
or in other words give minority carrier concentration. Thus 

iu ** n? 

{ " h)n -W d ...( 20 ) 

Similarly, in crystal containing N a completely ionised accep¬ 
tor atoms, we can write 

nc' (A^+#« a)=hj*; 

when doping is such that N a >> n h ' and is true for p type crystal 
then 

n/Na—ni*. 

...( 21 ) 

gives minority carriers (electrons) concentration in p type crystal. 
From equations (21) and (19), we get 



assuming that minority carriers on p side are thermally generated 
i.e. taking 


( w c )p — ( w c)j»* 

Further majority carriers in n type will be largely contributed 
by donor atoms and we can take 

(>On = M/, 

so that equation (22) becomes 


(N d N, 
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611. BIASSING OF P-N JUNCTION ( quantitative ): 

We shaU discuss biassing of pn junction shown ini fe.12,, in 
relation to variation in barrier height and depletion width in folio- 
wing three steps: 



CO/VOOC/'O* 
PA/VO _ 


fsmUrtL 


r t>ry/* 

% 

valence 

M* 0 SPACE 
C//AP6E 
PEG/ON 




in the following way : js prop ortional to the pro- 

The electron currcn: fro® p ^ p P robabi | ily factor. The 

duct of electron densiympr b , 0(I re g, on is unity 

probability of an electron sweepu ^ ^ ^ of trans „,on region 
because any electron whic f or ( ^ c f ormC r is a higher 

fhwefore^lectro^MKM^Jro® density*of electrons in conduction 
,r *" band of p type. 

“ ,X t 1,1 ’ ID 

=C exp (-EIKbT), _ r* \ 

side, 'we note 

tbal / = probability x density of electron in conduc.ion 

band of« type. 
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The probability of an electron to climb up the potential barrier of 
height (E-{-E F —Eg) is proportional to the Boltzmann factor 
exp [-(£+ E F -E s )l{K B Ti. The density of electrons in the conduc¬ 
tion band of n type is proportional to exp [—(£*— E F )IK B T). 
Therefore, 

£j-»j>=exp [-(£+£,-£*)/£*£] xC 

exp [— (E s -E f )IK b T] 
=C exp [(—E—E F +E t —E g +Ep)lK B T] 

=C exp (- E/K b T ). ...(2) 

From equations (J) and (2), we note that 

and therefore, there is no net current across p-n junction. The 
same argument holds good for holes too. 

(B) p-n junction with forward bias: In fig. 13 ( b ) forward 
bias connections are shown, p side is connected to the positive of 
the battery. Due to the external bias, equilibrium conditions are 


n 


CO//OVCr/OA'/ 





(a) No bias (6) Forward bias (c) Reverse bias 

Fig. 13. Biassing of p-n junction. 

d ' slurbed and therefore energy bands and the Fermi level are 
altered, Since in this case, negative of the battery is connected 
to n type side, energy of the electrons in n type region increases 
by an amount eV. where V is voltage applied by the® battery Con- 

enerov* h’ ^ Sh °i' Vn "1 fi8 ’ 13 (6) Fermi lcvel rises b Y eV and the 
V | ba "t dS n JUSt thei u P° sitl0ns so as to suit the elevation of 
Fe rn, level. Due to the increase in energy on a type side 

n4) C of art 6-10 r lac^f ‘° * ( V^ Wording to^qua.ion 
(14) of art 6 10, space charge region width or barrier width or 

depletion width is also reduced. The net result is that the electrons 

crossing the junction jrom n side will now face a low potential 

barrier and small widths of space choree reriar, r .,iJ .i 

they can easily cross the junction. Since electrons in » typTsfde 
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are in majority, current across the junction increase considerably 
as shown in fig. 14, The variation of junction current with different 
forward biassing voltages is shown in fig. 14(a). 

/r\ Reverse Bias : Connections are shown in fig. 13 (c), 
n sidtfis connected to the positive of battery. This lovers the 
Fermi level on n side by an amount eV raising the barrier height 
to e(V B + V) and increasing the depletion width too. The electrons 

that are in majority inn side will now face, in crossing the junc¬ 
tion a greater potential barrier and larger width of spacecharge 
'f"-’ %Ti, e ,pfore number of electrons crossing the junction from 

g Ze'tn n side decreases. Consequently, current is very much 
a Ja P in reverse biassing of the p-n junction as shown in 
fig 1 14(a). p-n junction thus acts as a rectifier like vacuum diode. 



When a large reverse bias is 
This break down occurs due 


Breakdown of p-n i u “ c "°“j 
applied, p-n junction breaks down. 

,o two main « as ° ns ' , . , n this breakdown, conduction 

(') Ava,an ^ ke \oSag collisions with the atom of the crys- 
band electrons of electrons which further, in their 

tal resulting in the « 1 e of collisions ,s 

I™ • C d°u 6 l2 cummulative^ffec, of increased number of elec 

irons is to break the ^'^Tbis breakdown occurs when applied 
(«) 2ener *»**?■; I push ou t the electrons of valence 
electric field is sufficiently h 8 * > l ? b and. However, the voltage 
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the impurity concentrations of the junction materials. 

Cutin Voltage : In fig. 14 (b), forward volt-ampere characte¬ 
ristics of a germanium diode (OA 91) and a silicon diode 
(BA 114) at room temperature have been plotted. From the two 
plots, we note that there exists a break point , threshold , offset , or 
cutin voltage below which the current is negligible small (less 
than 1% of maximum rated value). Beyond this voltage, current 
rises very rapidly. Cutin voltage for germanium diode is 0*2 V 
and 0'6V for silicon diode. 

Both the diodes are of comparable ratings. The difference in 
cutin voltage can be partly attributed to the reverse current 
saturation which is in the range of for germanium diode 
whereas in mA for a silicon diode, at room temperature. 

612. CURRENT ACROSS P-N JUNCTION {qualitative) : 

When a P type material is intimately joined to N type, P-N 
junction is formed. Simply by putting the two junctions in contact, 
P-N junction can not be produced because the lattice remains dis¬ 
continuous at the junction. 

In fig. 15 unneutralised acceptor atoms with negative symbols 
in P section are encircled. The negative symbol is used because 
of the presence of the additional electron which was obtained from 
an adjacent electron pair bond. The hole left by the removed 
electron is represented by a small positive symbol. In N section, 
unneutralisad donor atoms with positive symbols are encircled. 
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and few electrons in P region. These are referred to as minority 
carriers. 

In such a crystal, near the junction due to diffusion, free 
electrons of the N section will combine with the holes of P section 
leaving unneutralised positive donor atoms and negative acceptor 
atoms in N and P sections respectively. This produces an electric 
field across the junction as if a fictitious battery, shown in 

fic 15 (a), connected with its positive terminal to A'and negative 

terminal to P section. This will prevent the electrons and holes 

from crossing the junction against the electrostatic forces deve¬ 
loped. Due to thermal agitation, only few electrons and holes 
can cross the junction as ordinarily their energy will be insufficient 
to overcome this repelling force. Variation of potential at P-N 
junction is shown in fig. 16. 




(a) 


Zero bias. ( b ) Forward bias. (r) Reverse bias. 

Fig. 16. Variation of potential at P-N junction. 

Forward bias : In order to obtain current through the junc¬ 
tion it is necessary to neutralise this repelling force across the 
! mrtinn This is done by applying forward bias across the crystal, 
ha is a battery is connected in the opposite direction to fictitious 
£** a ma n o P section positive and N sect.on negative. The 
free elections in N section will be repelled by the negative force set 
hvThe oower source and will move towards the junction At the 
UP m^ y tiine P the holes in the P section will be repelled by the posi- 
force set up by the power source and will also move towards 
L rtinn The applied voltage should be high to impart sufli- 
«^ ' r 0 "; io lhese P c P ariers to overcome the potential barrier a. 
c r rtinn and enable them to cross through it. In this way there 
thC WaKSr*c« from N region to P region 
is a flow of d ,. , es frorn P rc „ion to N region through 

a . nd function As the applied voltage is increased further, the 
deVZ and hdes having lower energy will be able to cross the 
o 0t cntial barrier and the current will increase further. 

P The current flow can be understood as follows : For each hole 
plrtinn that combines with an electron from N section, an 
lU \ P , 1 mm an electron pair bond leaves the crystal and enters 
electron f f battery. Due to this action, a new hole is 

lhC P °, S,l, hlh k aeain forced by the power source to move to- 
created which is a 8 a electron in N section that combines 

wards V he J U frnm P sectionanenters the crystal from the 
SaAe°.crmina. of the’battery. The constant movement of 
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electrons towards the positive terminal and the holes towards the 
negative terminal produces a high forward current //. The mino¬ 
rity carriers in the two sections (electrons in P section and holes 
in N section) which are newly created produce a small reverse 
current /,. The net current (//—/,) increases as the applied power 
of source is increased but the maximum value is always limited in 
order to avoid the damage of crystal junction. The variation of 
If with applied voltage is shown in fig. 14(a). 

Reverse bias : If the crystal is reverse biased then the battery 
increases the restraining force and the current through junction is 
exceedingly small. The cause of this small current is the conduc¬ 
tion by the minority electrons and holes obtained due to light and 
thermal agitation. The electrons in N section and holes in P sec¬ 
tion are attracted away from the junction under the action of 
applied power source and thus causing minute current in opposite 
direction. The reverse current variation with applied voltage is 
shown in fig. 14 (a). The curves are known as static characteris¬ 
tics. The maximum reverse voltage that can be applied to the 
semiconductor should not produce excessive reverse current. 


613. RECTIFIER EQUATION : 

The net current density across the p-n junction has following 
four components: Refer to fig. 13. 

(1) The current A due to the flow of minority electrons in the 
conduction band of p type to the conduction band of n-type. The 
direction of A will be shown from n to p opposite to the direction 
of electron flow from p to n thus I x flows from right to left. 

T .^ C c V rre ? 1 /* due t0 lhe flow of majority electrons in 

r a r nd °u u !>' pe 10 the conduc tion band of p type. 
The direction of I 2 will be from p to n i.e. from left to right. 

ssat ■ ,,ht dir “ ,io "^ 

Therefore net current density, /, Hewing from left to right is 
T , • + .. (I) 

affected by the' application*^ of forwPrd^o"? P S ‘ de ’° J,' side ' S n0t 
whatever be the bias, potential barrier if r aI reVer “ b,as because 
and therefore any electron reachinp »h- - S a way ? dovvn t0 n side 
side will easily sweep to ir side. It means"7oI°/ fr ° m P 

and is thus constant. For this ™?- no barr,er exists 
current density and is independent of applied 

The majonty current of electrons from „ side t! P side is very 
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sensitive to the applied voltage since electrons in the n type mate¬ 
rial face a barrier which may be raised or lowered by the applied 
voltage. Thus, for forward bias, current density for majority elec¬ 
tron flow is I‘=Ci exp. [—e [K fl —...(2) 

where C x is a constant. 

Bv similar arguments/, is the saturation current density 
which does not depend on the applied voltage, h arises due to 
majority holes flow from p side to n side and is given by 

l,—C t exp. [-'(VB-V)IK t r)), ...(3) 

where C% is another constant. 

We know that in equilibrium where no voltage is applied 
across the junction, there is nonet current across the junction 
This implies that when applied voltage is zero, net current density 
in each band is separately zero*. That is 
with y=0 h-h 1 ...(4) 

h=h] 

Applying condition (4) to equation (2), we get 
/,=C, exp. (-'V b IK„T). 

Ci~li exp. (eVelKaT). 

Substituting this value of constant in equation (2) we find 

/,=/, exp. (+eVIK B T) (5) 

Similary applying condition (4) to equation (3), we get 
/,=C 2 exp. (-cVbIKbT) 

C,=/, exp. (eVtlKsT). 

With substitution of C, equation (3) becomes 

/.=/. exp. (+'V/KbT) -< 6 > 

P "”i" g 

(/,+/,) is replaced by/.the total saturation current density 

8 ' V,n8 /=/, [exp. (eV/KsD-l . 

Equation (8) is know- as the rectifier equation. V is positive 
for forward bias and negative for reverse bias. 

Suppose a forward bias is applied such that 


them 


cxp - (iGf\ 


> I. 


and equation (8) becomes 

/-=/ 0 exp. (eVl K B T), _ __ _ — 

—w sr ;»=•=» 

of tbe flow in olher band since there can not be an> accnmu 
either band under equilibrium conditions 
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which shows that in forward bias current increases exponentially 
as shown in fig. 14 (a). 

When a reverse bias is applied such that 



and equation (8) becomes 

/=-/„, 

which shows that current in reverse bias remains constant at 7 0 , 
the saturation current until the junction breaksdown as shown 
in Fig. 14 (a). 

6 14. DIODE RESISTANCE : 

One of the most important properties of the diode is its resis¬ 
tance in the forward and reverse bias. An ideal diode must offer 
zero resistance in forward bias and infinitely large resistance in 
reverse bias. Here we consider the two resistances i.e. t one d.c. 
resistance and the other a.c. resistance or dynamic resistance. The 
equivalent circuit for the diode is shown in fig. 17 where R, and 
R n arc the resistances of P and N materials respectively. 



Fig. 17. The equivalent circuit of a diode. 
The junction voltage is given by 
V=V x -HR m +R p ) 

The d.c. resistance is given by 

V x V n 
I ~~ f "\~Rn-\-Rp 


...(1) 


/ 7 

R d c.=r d . c .4 Rn+R r , ...(2) 

diode C r ThI C v a r i e ^ nt r the ^-.resistance of the ideal part of the 
cuode. The value of r d . c . is given by 

V y 

...(3) 


r,/. c .= -= 


T . . ; 7 0 fexp. {eVlK B T)—\] 

ne a ‘ C - resislanc e (r a . f .) of the ideal diode is given by 


dV 




1 


dl dldV 


(To ejK^T) cxpT^eVil^f ) 
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KnT 


...(4) 


or 


W 


* (/+/ 0 ) 

The a.c. resistance of a real diode is given by 
Ra‘C‘ =r a-c» + Rn^"Rp 

R ‘‘- = 7TFth) +R ° +Rp ..( 5 ) 

At room temperature (300°A0, the value of r a . c . is given by 
0*026 « 

r a . e -~ — j —ohms. 

where the current is in amperes. 

615. DEPLETION REGION (SPACE CHARGE) 

CAPACITANCE (for a linearly graded junction or gradual 
junction) : 

The depletion region capacitance arises from the widening and 
narrowing of the depletion layers as a function of the junction 
voltage. The actual barrier width and the capacitance associated 
with the junction depend 
upon the exact junction 
structure. Here we shall 
consider the capacitance 
due to a gradual junction 
(as is the case with a grown 
junction). Here it is assumed 
that the junction is sym¬ 
metrical and the conduc¬ 
tivity of P and N materials 
is good so that there is 
negligible voltage drop in 
the regions outside the 
junction thickness. The 
different conditions arc 
shown in fig. (IB). The 
apparent junction is assum¬ 
ed to be located at 0, 
where concentrations of 
donors, Nd and that of 
acceptors, N a are equal. 

The variation of electron 
potential across the junc¬ 
tion along .Y-axis is shown 
in fig. (18 b). The distribu¬ 
tion of space charge is 
shown in fig. (18 c). The 




A/ 

z_ 

/ 

0 

0 

/ 1* 


i 

Vn /\ 

L _ _ _ _ —. . 

x —► 


__ 


V 

1 

-w* 
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(b) 


(C) 




i SPACE C.MAROf\ 

bo*- - 

IfHNSiTlO* I 


Fig. 18. Condition in a gradual junction, 
snown in ug. ^io c;. f we 

modified form of space charge is shown in fig. (18^ 
shall take width of space charge region as W B instead of X take 

in art 610 for an abrupt junction. 
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The space charge density is assumed to vary linearly with 
distance along X-axis in space charge region and is given by 

p (x)=ax for — W n < x < W p . — U) 

e (N d +N a )_ 1 /^4-ffV 
where fl= Wb Wb U /*,/ 

The symbols have their usual meaning (refer to fig. 18). 
Considering P side of the junction and applying Poisson’s 
equation, we have 

dx 2 € € —W 

Applying the boundary conditions i.e. t dV/dx =0 &tx=W P 
and K=0 at x=0 and integrating twice the equation (2), we get 

r -=g (?-*>') -(3) 

The value of V pt i.e., the barrier potential in P region is given 


by 


V,= V(W,)-V w = a -j£ 


..-(4) 


Again 


W n =W D 


(V junction is assumed to be symmetrical) 
or Wb=2W p 

Similarly, V n =V P or Vb=2V p 

Thus ...(5) 

The total charge on either side of the junction can be found 
from the triangle of fig. (18 d). 

Q=h (base) (height)-} (^~)(^r) 

aW B x 


Now 


or 


r dQ a 1 /* c 2 /* 
r ~ dV R 4 


(i) 


2/3 




_IbY* (±\' lt 

\ 16/ \V B ) 

r T= ( 3g V f3 J (o "/P")-H° r j>/ M> 1 

lifij \ W^v7 


? 


...( 6 ) 


..(7) 

This shows that capacitance varies inversely as the cube root 
of applied voltage. 

Note that in art. 6’ 10 we have also calculated junction capaci¬ 
tance (for abrupt junction) and was found to vary as (Vb)~ 112 . 
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SOLVED PROBLEMS : 

1. Find the mobility of electrons in copper assuming that each 

atom contributes one free electron for conduction Resistivity of 

copper is 1*7 x 10“ 6 ohm-cm. Atomic weight 63*54. Density 8*96 
gms Ic.c. Avogadro's number 6025.I0 23 . Electronic charge 1*6.10 

C0Ul ' We shall first find the number of free electrons per unit vol¬ 
ume and is given by , . IA „ 0 

Avogardro’s numbe r xdensity _ 6025x 10- x8*9_6 

Atomic weight b3‘54 

=0496 xlO 22 . 

Therefore mobility of electrons is given by 

On 

where o n is the conductivity. If Pn be the resistivity, then 

I 


On 


so that 




1 


p n ne 


“l-7x IO-'x8-496x 10«x I'bx tir*’ 

= 43-28 cm ! /volt-sec. 

2 Germanium is doped with aluminium so that the concentra- 

SW--4: iJfaS 

and ;/</) conductivity, given that mobility of hole l / 
volt/metre^ (300° A') all .he acceptor atoms are 

assumed to be ionised giving an equal number o. holes 
tf.=2xl0 !l holes/m 3 . 

(«) Intrinsic concentration of free eleerons a. room tempera- 

-WKnT) 


=2 ^ 


/7.x 9- 1 xl0~ 3l x I 381 / IQ - \ m 0 o)3/2 

=2 I-(6-624)* X 10 ” I 

I I 0-72 x 1-59x10-” \1 
Xexp. <- ^2 xT" 3M x IO- !3 x 

where energy gap 300)V 

I0 21 x 30<V300 _- > .^^ v iqi-» electrons (or holes)/m J 

iu f S55wu"" 
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Since the product np is constant, (independent of doping) and 
is equal to np, therefore, free electron concentration in the doped 
semiconductor is 


=2-78x10' 7 electrons/m 9 

p i. X 1 u 

This is negligible as compared to hole concentration. 
(Hi) Conductivity o=q (np n +pp p ) 

&qnpn 

»l*59x 10" 19 x2x 10 21 x0*17 


feO'54xlO s mhos/m. 

3. A p-n junction is formed from germanium of conductivity 
0*8 ohm" 1 cm~' on p side and 16 ohm" 1 cm" 1 on n side. Calculate 
potential barrier and depletion width at 300° \n=2'\ X 10 28 cm" 1 ). 

=2000 cm 1 /volt sec and /i fl =4000 cm 2 /volt-sec. The relative dielec¬ 
tric constant for german 'um is 16 and K B is l*38x 10" ie erg per °K. 

Taking majority carriers contributing mainly to the conduc¬ 
tivity, we can write 


1*6 


N d =— =_ 

' <*, l-6xl0-'»x4000 

= 2-5xl0'« per c.c. 


N, 


'P — 


0 8 

ep p l*6x 10~ ,9 x 2000 

= 2*5 x 10 16 per c.c. 

At 300°K, 

K b T_ 1-38 xlO- 16 x 300 xlO 7 
e 1*6 xlO- 12 


=0-0258. 


Multiplication by 10 7 has been done to convert ergs into joules. 
The potential barrier is 

¥* m 

- (») 




=0 0258 


The depletion width is 

X 

0*2467 


= 0*2467 volts. 
2'Vn 


Taking V D 


e(N a + N d )' 
e. s. u. 


■t(sr+(sn 


and 


200 

e=4*8.10~ 10 e. s. u. 

^T=j^=l and (A 7 .+A' J )=5.10' 9 
° e =16, 


Here 
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r 2x16x0 2467 _T / * (i)i/ 2 ] 

[3O0xO-SxlO-‘°x5xlO“J 
- 0-4934 

— [_45x 10 8 J 
= 49’34x lQ- a j l|a .,2 

= l'9xl0-‘ cm. 

6 16. LOAD LINE OF A DIODE CIRCUIT 

DC Applied Voltage— Fig. (19 a) shows a basic diode circuit. 
The circuit consists of a diode D —»] h” 


The circuit consists of a diode D 
in series with a load resistor Rl 
and input battery. Fig. (19 6) 
shows the static curve of the 
diode i.e. a graph drawn between 
V D (voltage across diode D) and 
current in the circuit. Applying 
KirchhofT’s law to circuit (19 a), 
we have . . „ , lv 


* D 


Fig. 19 (a) Basic diode circuit. 



FiR 19 (b) Characteristic curve with load line, 
r n V— Vn This gives a point A (b, 0) on the 

Eonrafaxis Now consider k-0. then l-VIR L which gives 

point. 

From eq. (1), . y 

I=—~ or I—T V ° + T l 
1 Rl Rl Rl Kl 


...( 2 ) 
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Comparing eq. (2) with the standard equation of a straight 
line /. e. 

y=mx+c, ...(3) 

we observe that the slope of the load line is (—1 /R L ). The load 
line intercept the y axis at VjR L . Thus for a given input voltage, 
the effect of a higher load will be a steeper load line and hence a 
higher value of current at the operating point Q. 

AC Applied voltage (Dynamic characteristic)— Fig. (20 a) 
shows the basic diode circuit in which the input voltage is a vari¬ 
able quantity. Our aim is to determine the output current wave¬ 
form. Fig. (20 b) shows the characteristic curve for the diode. For 
a convenient interval of instantaneous voltage t>/, we draw different 
load lines. It is also obvious from the figure that the load lines 
are parallel to each other since R L is constant. The intersection 
of different load lines with static 
curve of diode will give the current 
in the circuit corresponding to 
each value of input voltage. With 
the help of these currents, the out¬ 
put current waveform may be 
considered. But the following 
procedure is more convenient: 

It is obvious from fig. (20 b) 
that the load lines for v, and v,' Fig. 20 (a) Basic diode circuit, 
intersect the static characteristic at points B and A respectively. 
From vi and v,' we draw vertical lines and horizontal lines passing 
through 5 and A. The horizontal and vertical lines give the points 
a and A . Similarly other points may be considered. A curve 




Fig. 20 (b). Dynamic characteristic. 
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Transfer characteristic—The curve which relates the output 
voltage to the input voltage is known as transfer characteristic. 
Fig. 21 gives a graphical method for finding output voltage 
waveform for a given input waveform using dynamic character¬ 
istic. 



Fig. 21. Graphical method for obtaining output voltage waveform 
using transfer curve. 

In fig. 21 the input voltage waveform has been drawn with 
time axis vertically and voltage axis horizontally. The different 
input voltages arc considered at different times /i, t 2% h etc. and 
corresponding vertical lines are drawn to meet the transfer curve. 
Intersections with the curve are drawn horizontally to give the 
values of output voltage corresponding to times t u t 2t . etc. 
Next the output voltage wavefoim is plotted. 

It is clear from the fig. 21 that for a part of the input signal, 
the output signal docs not appear / e , the diode acts as a clipper. 
It is also obvious that the output voltage at the start is distorted 
due to nonlinear transfer characteristic. 

6 17. JUNCTION TRANSISTOR : 

The two forms used arc : 

(/) PNP type : This is formed by sandwitching a thin layer 
of //-type semiconductor between two layers of /Mypc semi¬ 
conductor. 

(//) NPN type : This is formed by sandwitching a thin layer 
of/Mypc semiconductor between two layers of A'-typc semi¬ 
conductor. 

Both types arc shown in figure 22, with their symbols for 
representation. 
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Fig. 22. Illustration of PNP and NPN junction transistors. 

The left hand section or region of the transistor is known as 
emitter. It is heavily doped than any other sections because its 
main function is to supply majority charge carriers (either electrons 
or holes) to the base. The middle section of the transistor is 
known as base. It is lightly doped and very thin as compared to 
other sections so that it may pass most of the emitter injected 
charge carriers to the collector. The right hand section of the 
transistor is known as collector. Its function is to collect majority 
charge carriers through the base. This is moderately doped and is 
made larger than the emitter region because much heat is produced 
here which can easily be dissipated. However, it is customary to 
show emitter and collector to be of equal size. 

The direction of the arrowhead gives the direction of the 
conventional current with forward bias on the emitter. The con¬ 
ventional flow is opposite in direction to the electron flow. Because 
in PNP transistor, the emitter current is constituted by the flow 
of holes from emitter into base region, hence the conventional 
current flows from emitter into base. Thus the arrowhead points 
towards the base. On the other hand, in NPN transistor the 
emitter current is constituted by the flow of electrons from emitter 
into base region, hence the conventional current flows from base 
into emitter. Thus the arrowhead points outward the base. 

Operation of PNP Transistor : 

A PNP junction transistor is made by sandwitching two PN 
germanium or silicon diodes, placed back to back, i.e. it is like 
two diodes. The junction between emitter ?nd base may be 
called emitter base diode or simply emitter diode. The junction 
between the base and collector may be called collector base diode 
or simply collector diode. The centre of N-type portion is extremely 
thin in comparison to P regions. 

The P region of the left is connected to the positive terminal 
and N region to the negative terminal, i.e. y PN is biased in the 
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forward direction while P region of right is biased negatively* 
i , i n the reverse direction as shown in figure 23. The P region 
in the forward biased circuit is called emitter and ■ P re f ™„° ed 
the right, biased negatively is called collector. The centre is called 


£M/r7£# 

Ji/AfCT/OrV 


COLL ECWR 

ju*cr/o/v 



p 

N . 

p 

+ o- 

to*- 1 

+ o-* 

t O— 

+o*- 

+ o-> 

♦ <>-*• 

-o 

+ 

. > — - f 



base 

The majority carriers 
(holes) ofP region (known 
as emitter) move to N 
region as they are repelled 
by the positive terminal 
of battery while the elect¬ 
rons of N region are 
attracted by the positive 
terminal. The holes over¬ 
come the barrier and cross _ 

the emitter junction into Basic connection of PNP 

N region. As the width of F.g. 23. bas-c^ lraosistor 
base region is extremely recombine with the free 

thin, two to five percent ull j n a small base current, while 
electrons of N ^ 9 #%) reach the collector junction, 

the remaining holes (95/ 0 to^) tfcc negative co ,i ect or 

The collector is b,ased # in y t0 collector region, 

voltage aids in sweeping . . j biascd negatively, a very small 

jUnC S tZtrltlZ across .he co.lec.or is slightly less 
^'^rhanee^the collector current is observed. 

'" 8 C !K^ explained as follows : ^ 

potential applied to the 

As already discussed 2 to 5% ( of ^ho.e^are.ostin 

[.^cSet andttee'r 5 collector current is slightly less than 

the emitter current. increases more holes arc 

(««) When the 'm. ter cu^ ^ attrac , ed by the negative 

injected into the baMreg^ ^ hc nce results in i ncreasing i!k_ 

P ° lentl - -—-- • . di ode (forward biased) is very small as 

•The resistance '-f ^"' cr d „; ased| . Therefore, forward b.ased 

tti'szxxz* sma " 

collector diode is much higher. 
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collector current. In this way emitter current controls the collec¬ 
tor current. The control of collector current by the emitter is 
analogous to the control of plate current by small grid voltage in 
vacuum triode. 

Hence we can say that when the emitter is forward biased 
and collector is negatively biased, a substantial current flows in 
both the circuits. Since a small emitter voltage of about 0*1 to 0-5 
volt permits the flow of an appreciable emitter current, the input 
power is very small. The collector voltage can be as high as 
45 volts, thus permitting relatively large output power. 

Beside hole current another component of current flows from 
base region to emitter region due to the flow of electrons. This 
current is a function of emitter base potential. When the width of 
base region is very small, the ratio between hole current and 
e ectron current is very large and for the practical purposes the 
electron current can be neglected. Thus only the hole current 
plays the important role in the operation of PNP transistor. 

NPN Transistor Biassing : As shown in figure 24 for an 
amplifying action of NPN transistor, emitter-base junction is 
biased with a forward voltage and base-collector junction with a 
reverse voltage. A relatively high current will flow throug thhe 
emitter base junction and a 
relatively low current through the 
base collector junction. The base 
is made thin so that its width is 
less than the mean path taken 
by an electron in the base before 
combining the hole. The effect of 
narrow base will be the diffusion 
of electrons into base collector 

agws AjSS- — fflssaa* 

large Th^exl h inc\f. o ° VC> emittcr - c olIector current is 
a ge j his explains the amplifying action of the transistor. 

«.» SLtSC'f" ro " owi " e ■»““ “ —-i » 

0) Holes arc the major charge carriers in the PNP junction, 
tion. Llectrons are the major charge carriers in the NPN junc- 

6 18. TRANSISTOR CURRENT COMPONENTS 

The three primary currents which flow across the forward- 
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biased emitter junction and reversed-biased collector junction are 
ley lb and I c . Figure 25 shows the directions of flow of these 


currents for a PNP transistor 
connected in a common-base 
configuration. 

It is obvious that 
Ie=Ic+h 

By normal convention, current 
flowing into a transistor is 
taken as positive whereas 
current flowing out of it is 
taken as negative. The ratio 


N 



i c -a 


Fig. 25. 

of the collector current to the 
emitter current is called dc alpha (« j.) of a transistor. 

/. «*=-/»//. or simply «*=/*//» 

The negative sign shows that/, flows out of the transistor. Now 

and /;=/!'-/.-/,-«/,=(!-«) /. 

So considering the current 
due to majority carriers, the 
emitter current splits into 
two parts : 

(i) (/-«) U which be¬ 
comes base current I b in the 
external circuit, and 

(ii) «/, which becomes 
collector current I c in the external circuit, 
shown in figure 26. 

In a PNP transistor, although the 
reversed biased for majority charge 


tr v. 


ih-O-a) i. 


n 
r 


Fig 26. 
These 


currents arc 


collector-base junction is 
carriers (holes) but it is 
forward-biased for thermally-generated minority charge carriers 
(electrons) So a current flows in the same direction of I c due to 
the minority carriers (electrons). This is called a leakage current 



Fig. 27. 

and is denoted by Ubo 


Leakage currenis in PNP transistor. 

or simply /«,. This current flows even 
when"emitterTs disconnected from the d.c. supply source. Here 
subscripts cbo stand for current from collector to base with emitter 
S open P Thfcurren, is extremely temperature dependent b^use 
it is made up of thermally generated minority carriers. Similarly 
current h. flows in the emitter base c.rcu.t as shown ,n fig. 27. 
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If we take into account the leakage currents, the current distri 
bution in'a common-base circuit becomes as shown in fig. 28. 


EMITTER BASE COLLECTOR 



Fig. 28. 

Here the emitter current I g consists of hole current I p , (holes 
crossing from emitter into base) and electron current l„ e (electrons 
crossing from base into the emitter). The collector current I c 
consists of I pe (holes crossing from base to collector) and tempera¬ 
ture dependent current l eo due to minority carriers (electrons 
crossing from collector to base). Thus 

Ic=Ipc + Ico 
= <xl e + Ico 
majority minority 



The base current I b consists of (7^— I pc ) t I„ e and I co . 

6 19. CHARACTERISTICS OF TRANSISTOR : 

The method of connection of a transistors into a circuit 
largely affects its input and output impedances. Therefore, the 
characteristics of the transistor will vary according to the methods 
of connection. There are three methods of connection, (i) common 
base, (ii) common emitter, (ill) common collector. 

As compared to vacuum tube, base serves the purpose of 
control grid, collector that of anode and emitter that of cathode. 
The word ‘common’ is used to denote the electrode that is 
common to both the input and output circuits. We have seen that 
common electrode is usually grounded; therefore for ‘common* 
we can also write the word “grounded”. All the three types of 
connections are shown in fig. 29. 

Although there are several ways of plotting the static charac¬ 
teristics of a transistor, but the most commonly used characteris¬ 
tics arc those which are drawn in collector current versus collector 
voltage, one for constant values of emitter current and the other 
for constant values of base current. The first family of curves is 
generally used for grounded-base connected transistors, while the 
second is generally used for grounded-emitter connected 
transistors. 
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( Fic 29. Illustrating three methods of connection. 

Common ihc static 

cha SSiKSa common base configuration. 

K «* 1/// / /« Of. 


n, 

Ti 
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AMH£7£* 


fe* 


OC 

/WU/AM*£7t* 


Woe 


f . J0 circuit ° f "" lranSiS, ° r 

(a) Input characteristic cn !j itt cr.basc voltage F,* when 
variation of emitter curre h To draw Ihis chara- 

collector-base voltage v, b a # d |o a sujIab , c valuc with the 
cteristic, the volla 6 y ; s increased in steps and corrcspon- 
help of rheostat.. No (he he , p of m jlliammeter conne- 

ding values of I, are not plotted between 1, and 

cted in ser.es with emitte A grap 

V,h at constant Kb • Fig. y 

shows the input characteristics. v* y ob 

The input characteristic may / / 

be used to find the mput res,. / / 

stance of the transistor. From i /;ai./ 

the graph | / J / 

A Kb _ y constant. ». Av ob / 

Rln ~~ A It 9 (mA, | / / 

Initially ‘^ characteristic >s / /_ 

non-linear, hence Rm varies |-- 

with the point of measurement. 0 v* 

Its value over the linear part Fig 31 . 

nearly constant. 
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(b) Output characteristic : The output characteristic shows 
the variation of collector current I c with collector-base voltage V cb 
when emitter current I e is held constant. To draw this characte¬ 
ristic, the voltage V cb is adjusted to make I e constant. Keeping I e 
constant, V cb is increased from zero in a number of steps and the 
corresponding collector current l c is noted with the help of milli- 
ammeter connected in series with collector. 

The curves of collector current I c versus collector voltage V cb 
or V c for PNP transistor are shown in figure 32. 

We see from the curves 


of figure 32 that collector 
current in a grounded-base 
connected transistor is 
relatively independent of 
collector voltage and pri¬ 
marily depend upon emit¬ 
ter current. This behaviour 
is similar to that of pen¬ 
tode vacuum tube curves. 
If the collector voltage is 
reversed, then we see that 
for its very low values, the 
collector current is drop¬ 
ped sharply to zero; but 
if collector voltage is in¬ 
creased further, then col¬ 
lector current rapidly re¬ 
verses itself and starts 
increasing in forward 
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Fig. 32. Static common base collector 
characteristics of a triodc 


- junction transistor, 

direction. If the resulting current becomes excessive, the transistor 
may be damaged. 

The output characteristic may be used to find out the output 
resistance R ou , and a ae of the transistor in the following way : 

The reciprocal of the slope of the near horizontal part of the 
characteristic gives the output resistance R oul of the transistor, 
which it would offer to the input signal. Since the characteristic 
is linear over most of its length /.e., i c is virtually independent of 
r c o, Bom is very high. 


Pom ~ 




cb 


xu ru ■ A/ ' /AK * A/ ' 

i ne ct ac oi the transistor in given by 

LI. 




LI* 


Common Emitter Configuration Static Characteristics : 

Figure 33 shows the circuit arrangement for determining the 
static characteristics of a PNP transistor in common emitter confi- 
guration. 
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6 20. IMPORTANCE OF CHARACTERISTICS : 

The characteristics are useful in calculating the current gain 
of a transistor circuit. The current gain of a common base tran¬ 
sistor circuit is defined as ratio of the change in collector current to 
the change in emitter current for constant value of collector vol¬ 
tage. It is denoted by a symbol a called alfa direct current gain 
when specified for static or large emitter and collector currents, 
change in the collector current fof con$tant 
change in emitter current 

collector voltage 


So 


(dJ c \ 

\dlJVc 


It is 


The value of a can be estimated from curves of fig. 32. 
seen that a is always less than 1 for the junction transistors. 

For common emitter circuits the current gain is defined as the 
ratio of the change in collector current to the change in base 
current for a constant value of collector voltage. It is called the 
beta direct current gain and is denoted by p for static or large 
values of collector currents and base currents. 


M dTJK 


constant. 


The value of p is always greater than unity and can be esti¬ 
mated from figure 34. 

By definition, 

dl c =a dl e . 

We know that the emitter current is equal to the sum of collec¬ 
tor and base currents. 

dI e =dI c +dJ b 
=a dl e +dl b 
or dl b =dl f —a <//,*( 1 -a) dl f . 

Dividing by dl c on both sides, 


8) WM- 


or 


1 _ 1 —a 
P a * 


Example. A NPN transistor is connected in common emitter 
(CE) configuration in which collector supply is 8 V and the voltage 
drop across resistance R c connected in the collector circuit is 0‘5F. 
The value of R e = 800&. If a=0 96, determine : (/) collector-emitter 
voltage and (ii) base current. 

Fig. 35 shows the required common emitter connection 
with various values. 

(i) The collector-emitter voltage V (e is given by 
V ce =V e —0'5 

=8—0 5=7-5 volt 
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(ii) The collector current I c is given by 



T 

05V 


6 21. LOAD LINE : 

A common emitter amplifying stage is shown in figure 36 (fl). 
R l is the load resistor into which the transistor is working, wow 
writing in a conventional manner with terminal indicated oy n 
subscript as positive, we have 

V, c =V C c-1cRl* . c 

Here V cc and R L are fixed values. Equation (1) is a first degree 
equation and can be represented by a straight 'me on the output 
characteristics This is known as d.c. load line. To draw the d.c. 
load line we need two end points of the straight line These poin 
can be located as under : 

(i) When the collector current /,=0, the collector emitter 
voltage is maximum and is equal to Vcc . te.% 

V ee =Vcc (/c=0) 

This gives the first point. 

(ii) When collector-emitter voltage V eC = 0, the collector 
current is maximum and is equal to Vcc/Rl ie. 

V, c =Vcc—IcRl 
0 =V C c-IcRl 
Ic= Vcc/Rl 

This gives the second point. 

By joining these two points, d.c. load line may be drawn. 

Common emitter configuration characteristics in which J c is 
plotted against V ec for different base currents are shown in figure 
36 ( b ). The straight line represented by equation (1) is traced in 
this figure, intercepting V ee axis at Vcc and I e axis . a * 

The slope of this straight line is — \/Rl- Such a straight line is 

known as toad line. 


i Vec ,Vcc 
lc ~ Rl Rl 


This equation is of the form of y=mx+c, hence represents a straight 
lint with slope —l/Rf 
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Fig. 36. (a) Simple common Fig. 36. (b) Load line plotted on output 
emitter circuit. characteristics. 

6*22. OPERATING POINT : 

The zero signal values of collector current I c and collector 
emitter voltage V ct are known as operating point The point is 
called as operating point because the variations of I c and V ce take 
place about this point when signal is applied. The point is also 
named as quiescent (silent) point or g-point as it is the point on 
characteristic when the transistor is silent (i.e. in the 
absence of signal). 

i Let us consider that we have drawn I e -V ce characteristic and 
load line for a transistor. Suppose in the absence of signal, the 
base current is 10Then I c and V« conditions in the circuit 
must be represented by some point on / 6 = 10 pA characteristic. The 
intersection of load line with the characteristic I b = 10 pA satisfies the 
conditions of I c and V cf . Therefore 
the point is known as g-point. This 
is shown in fig. 37. 

For I b = \0fiA t the zero signal 
values are 

V cr =OC volt 
and I c =OD mA. 

Thus the values of I, and V et 
(operating point Q) are determined 
by the point where d.c. load line 
intersects the proper base current 
curve of the transistor. 

Selection of the operating point is done according to the use 
to which the device is put. For small signal amplifiers, in which 
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power is conserved, operating point should be so chosen as to give 
lower quiescent value of collector current, while for an amplifier 

required to deliver sufficient amount of power, operating point is 

chosen so as to give quiescent current about one half of the maxi¬ 
mum permissible collector current of the transistor. 

Example 1. In a transistor circuit , collector load is 4KS2 
whereas quiescent current (zero signal collector current ) is one mA. 

(i) What is the operating point if V (( =\0VI 

(ii) What will be the operating point if R L =SKQ. 


Here V cc = 10 volt and I c =\mA 
(i) when Rl (collector load)=4A'f? 

V e ,= V ee —IcRL „ 

= 10— 1 X AKQ 
= 10—4 = 6 volt 


Operating point is (6V, 1mA) 

(ii) when Rl=SK (1 

V ct =V ce -I e RL 
= 10— lw/1 x SKQ 
= 10—5=5 volt 

• Operating point is (5V, 1mA) 

Example 2. Figure 38 shows the collector «*»«'«*« f 6 ° 

common base amplifier. The collector battery \o g 

and load resistor is 400&. 



Fig. 38. Collector characteristic of a common base amplifier. 

(,') Draw the d.c. load line and locate operating point for 
vpp= 1 *f V and /?£—600. 

(ii) If the output is taken across a load /?„=!* as shown in 

fig. 39 draw the a.c. load line. 

(i) d.c. Load line : Here v C b=IcRl - f cc 
One end of the d.c. load line is where fc=0 

i.e., vc = -^cc=-l^ 

Now we plot this point as <c=0 and I »ca 1=161'. 


242 


Hand Book of Electronics 


PUP 



Fig. 39. Output side of a common base amplifier. 

The second point is located where vcb= 0 

i.e., /c= VccIRl= 16/400=40 mA. 

_. . A ,i “ e Passing through these points will be d.c. load line. 
This is shown in fig. (40). 



Fig 40. Showing the d.c. and a.c. load lines, 
inpurcircuit! 11 " 6 ' he ° perating P oint - we wri,e <he equation for 


v ee-1eBeA-V ed 

In germanium, V EB is approximately 0 3 V 

l-5=/ £ x60f0-0 
Solving we get / £ =20 mA. 

So the operating point Q is selected corresponding to i *=20 
mA characteristic where the d.c. load line intersect it CorTes 
ponding point Q,v CB =S-6V and fc= lg- 5 mA. 

(ii) a.c. load line : In this case a load resistance R — 1 jfo 

oihHh^n , a ‘ ‘, he 0UI , PU '; Assumin fi lhaI reactance of As Le¬ 
gible, the output a.c. load will be a parallel combination nr 
and R L i.e. equivalent resistance R, is given by " ° 
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R< 


^__ 400ft2il^L =286 ohm . 

Rl+To~ 400fl,+ 10>ft 


This load demands a new load line through the operating 
point Q with a different slope. The slope is given by )/R t = 1/286 
ohm or 0 0035 amps, per volt because l/f?=//K=amp./volt. 

Now for each 5 volts, the slope is equivalent to 0 0035 x 5 
amp. or 17'5 mA. Soto draw a.c. load line, we star!tat the Q 
point on the characteristic curve <8 6 V, 18• 5 mA) and move to 
left 5 volts and vertically upwards 17_5 m^. Now the new point 
will be 8 6 K—5K=3'6 volts and 18-5+17-5=36 mA. This point 
is shown by P in fig. (40). The straight line passing through P 
and Q will be the a.c. load line. 

6 23 ANOTHER REPRESENTATION OF TRANSISTOR 
CIRCUITS 

Fig. (41 a and b ) shows a PNP and NPN transistor circuit in 
common base configuration. 



6 24. THE BETA RULE 

The beta rule provides a way of transferring the resistance 

from one part of the transistor circuit to the another part (as we 
do with the primary and secondary winding impedances of a 
transformer/ For example resistance R L in the collector circuit 
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can be referred to the base circuit and vice versa. The current 
through R l is l e which is equal to p I b ie. p factor comes into the 
picture. Similarly, the current through R e is I e which is equal to 
(1 +p) It or & p I b i.e. p factor again comes into the picture. 
Hence the p rule may be stated as follow : 

1. When R l from the collector circuit is referred to base 
circuit, it is multiplied by p and when R b from base circuit is refer¬ 
red to collector circuit, it is divided by p. 

2. When R e from the emitter circuit is referred to the base 
circuit it is multiplied by(l-f/J)or just p (to a close approxi¬ 
mation), and when R b from base circuit is referred to emitter 
circuit, it is divided by (1 +p) or simply p. 

Here it should be remembered that only those resistances are 
transferred which lie in the path of the current being calculated. 


6 25. CLASSIFICATION OF SEMICONDUCTOR DEVICES : 

The semiconductor devices may be classified as follows : 

(1) Semiconductor diodes: 

(а) Junction diodes : (i) Grown junction diodes, and 

(ii) Fused junction diodes. 

(б) Point contact diodes : 

(2) Transistors : 

(c) Junction transistors : (i) Grown junction transistors, and 

(ii) Fused junction transistors. 

626 .^ N ™ FACTURE OF GROWN junction diodes 
AND TRANSISTORS : 

control am™ a ? d , t f ansis, . or f abric ation, single crystals with 
touchin P a ?°H °i ', mpUr ' L ty are used - Calais are grown by 
materiaf and T' 3 ,' ,0 - *£? surface of ''quid semiconductor 

b y “S“ g 1'," TTlSSS " w f °™ 

f™ 1 " 8 fatuace is shown in figure 43. The T" ^ 

concentr«» -0f ‘• 1,S processis that impurity ^ 
isusedim ! ncreascsas of the melt 
remain^in solution”** ,mpUri,ieS ,end 

the furnace” a°ih! C ° rd the ,em P er ature of 
thus the temn' h ! rnl0C0U P le isused and 
controlled A .? tUre ran be ver V closely 

a rod of polyjystailine^e 81 fr0m 

into melt ti? a ' n ? germanium feeding 

• at p«'y«ry S aiiiTO 
vertical shaft which „„ be”o"w<S « if 


■•oxtrorr 

r, 

SAs/Afcer^ 



/Atmt/ry 
J .GASovrur 


6AMW 

pfrsrAL 


\G£A#AAr(M* 


tUTEA 

COOLEO 

cott 


Fig. 43. Furnace used 
for growing single large 
crystal. 
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as pulled up and the seed crystal is attached to it such that it 
touches the molten semiconductor. As the seed crystal is 
gradually pulled up, the crystal starts growing and the rotation 
produces agitation of the melt which results in symmetrical 
crystal. 

In order to form junction diode or transistor, two methods 
are used. 

(i) impurity variation method, and 

(ii) speed variation method (or growth rate variation method), 
(i) Impurity variation method : 

In this method, the impurity content of the' ?J , " e ^ n . 

its type as well as quantity. For example, in maki"8 t g< 0 r f ra v 

nium grown junction transistor, first of all a lowered 

tvoe imouritv is added to molten germanium. The shaft is lowered 

SKS®.*. .£Ud dipped in., .h. 

crvstal growth starts. The crystal which now grows is 01 mgn 

resfstivitv N tvne due to the low impurity donor concentration and 

to overbalance the N type impurity. Th. ;P type region lorms tne 

emitter part. 

(//) Speed variation method (or growth variation method) : 

The crown junction may be formed by suddenly varying the 
f thP <eod crystal from the melt. For example, arsenic 

in •!£ 8 r„ n , 

(jv type impui y) j . w :.u .j ie increase in the rate of 

puTlIng 0 On°the C otheJ hand, the fraction on indium or gallium (P 
tvoe'impurity) in the grown crystal increases with the decrease of 
puinnT?at" When the germanium melt contains proper amounts 
imnuritiMf N and P types) and seed crystal is pulled slowly, a 
P type crysta/!; grown and if seed crystal is pulled fast then cry- 
ftal grown is N type. In this way PN junction can be formed 
simply by altering the rate of pulling the crystal. 

In order to prepare NPN transistors, impurities of both types 
(i e arsenic or antimony and indium) are added in proper quanti¬ 
ties. First of all the rate of pulling is kept higher, then slowed 
down for a short interval and again made high. In this way PNP 
transistor is formed. The crystal so formed is cut into rods along 
its length Each rod contains two junctions and constitutes one 
grown junction. Now non-rectifying electrodes are deposited at 
each end and wires are attracted to end electrodes to form the 
emitter and collector leads. 
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6-27 MANUFACTURE OF FUSED JUNCTION OR ALLOY 
JUNCTION DIODES AND TRANSISTORS : 

Fused junction transistors are generally of PNP type. First 
of all the semiconductor is refined to a high degree and then a 
large crystal is grown from this polycrystalline crystal as discussed 
in the previous article. The impurity added in case of PNP tran¬ 
sistor is of N type. A crystal of N type is formed by controlling 
the temperature and rate of seed crystal. The crystal so formed is 
cut into thin wafers or plates by thin diamond cutting wheels of a 
size O-rxO’l'xO Or thick. Each such plate is then made into a 
semi-conductor or a transistor. When it is made into PNP tran¬ 
sistor, it acts as a base. After cutting, the plate is grounded, 
polished and etched. The cleaning agent, known as “etch” remo¬ 
ves all contaminants and also surface irregularities caused by the 
cutting process. 

To prepare a PNP fuse junction transistor, on one side of the 
slice a small pellets of indium and on the other side a large pellet 
(about 3 times of previous) are placed. The larger pellet are used 
as collector and the smaller as emitter as shown in fig. 44 (a). The 
assembly is heated to about 500°C in an atmosphere of hydrogen. 
The indium pellets (melting point 115°C) now melt while germa¬ 
nium does not melt as its melting point is about 500°C. 


(04S£j 


n nwGtAAMM*** 
(W) 



(fl) Germanium plate (6) Molteo indium (c) Formation of P type 
with pellet before heating. pellets. germanium. 

Fig. 44. Formation PNP fused Junction transistor. 

The molten indium dissolve some of the germanium from the 
plate and forms a bead of saturation solution as shown in fig. 44 ( 6 ). 
On cooling, the two separate a little. As cooling proceeds molten 
‘ nd ! U u crystallizes to form a crystal of 

r ? h fi e sol,d ' 1 q uld interface. On further cooling 

iSS“ Kit'%4,'S. * 

wav «.n d . e * ar ? ma J nufact ured exactly in a similar 

1,1 p P Jl d, ““ P! llet ,s P |aced only on one side of the plate. 

6 28. POINT CONTACT DIODE AND TRANSISTORS : 

Point contact diode : 

In case of a junction diode the barrier is verv thin and renre- 
sents a capacitance between the two electrodes, ^he capadtance 
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tends to shunt out the rectifying action at high frequencies. The 
point contact form provides a low capacitance diode suitable for 
operation at microwave, while the junction diodes are used for 
low frequency work. 

Early diodes were of point contact form as shown in figure 45. 
The semiconductor wafer (fragment) is only a few millimeter 
square and a fraction of a millimeter thick. 

The contact wire or catwhisker is usually 
phosphor bronze or tungston. 

The electrical forming consists in 
placing a fine whisker or tungsten to the 
crystal surface and passing a pulse of large 
current through the system, generally by a 
discharge of a capacitor. The result of for¬ 
ming is to lower the forward resistance and 
raise the reverse resistance of the contact. 

During the passage of forming pulse some 
whisker material melts. The molten metal welds the whisker to 
the crystal surface which gives the contact good mechanical and 
electrical stability. The details of electrical forming are not under¬ 
stood. However, it is believed that a PN junction is formed at 
the contact because of melting of crystal surface and diffusion of 
whisker material into the surface at the point. Thus point con¬ 
tact diode and junction diode basically operate on the same prin¬ 
ciple. 

The detailed characteristic of 
a point contact diode depend on 
whisker composition, contact area, 
whisker pressure, crystal structure 
and crystal surface treatment. 

Typical voltage-current curves 
for a point contact diode are shown 
in figure 46. It is observed that tem¬ 
perature has an important effect on 
the characteristics and there is sudden 
increase in current when the 
reverse voltage reaches the reverse 

breakdown voltage. The larger slope of the reverse current voltage 
characteristics of a point contact diode, at high reverse voltages, 
results because of local heating at the contact point. 

Point contact transistors 

A PNP point contact transistor consists 
of a crystal of N type germanium or silicon 
as base. The point contacts, one of tung¬ 
ston and the other of phosphor bronze 
(collector) are made on semiconductor base 
a few thousands on an inch apart as shown F| S- 47. Junction formed 
in figure 47. The contacts are formed in a a PNP transistor. 
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Fig. 46. Current voltage charac- 
t« ristic of point contact diode. 
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Fig. 45. Point contact 
semiconductor diode. 



248 


Hand Book of Electronics 


similar way as in point contact diodes. The current may be passed 
either between each whisker and the base or it may be passed 
between two whiskers. In this case, the current gain exceeds 
unity which is not found in junction transistor, and is commonly 
between two and four. 

6-29. THE TUNNEL DIODE: . , . # , 

A two terminal device that exhibits a region of incremental 
negative resistance is the tunnel diode , also referred to as the Esaki 
diode, after its inventer. They are usually made of germanium or 
gallium arsenide because of high electron mobility and reasonable 
gap energy. It is a junction diode. Both P and N regions in tunnel 
diode are heavily doped and consequently, the depletion region 

is extremely narrow. It is possible for carriers to tunnel through 

the potential barrier if it is narrow enongh (typically 10" 8 cm.) 
and if available energy level exists on the other side. 

The current voltage characteristic of a typical tunnel diode is 
shown in figure 48. The right hand 
rising portion is the normal forward 
biased diode region of the device. 

The current variation in the vicinity 
of the origin is due to quantum 
mechanical tunneling of electrons 
through narrow space charge region 
of the junction. As the applied vol¬ 
tage is increased from zero, tunnel¬ 
ing (current) first increases and then 
decreases towards zero. This decrease 
in current with increasing voltage 
results in a negative resistance region. 

When the forward voltage is further increased, the tunneling effect 
ceases and current increases in a manner similar to a conventional 
diode. 

The physical operation of 
a tunnel diode will be con¬ 
sidered with reference to the 
regions (a), (b), (c) and (d) 
of volt-ampere characteri¬ 
stic. The corresponding ene¬ 
rgy level diagrams are 
shown in fig. 49. 

When the bias is zero, 
corresponding to point (a) y 
it is observed that the tun¬ 
neling is zero, because there 
is just the same probability 
of electrons going from states 
in the conduction band of N 
sides to states in the valence 
band of P side as in the opposite direction!" 




Fig. 49. Energy level diagram of tunnel 

Hiniip 



Fig. 48. Tunnel diode chara¬ 
cteristic. 
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The current reaches maximum at point (6). From fig. 49 (b) 
it is observed that all the electrons in the conduction band see 
empty state just across the barrier and hence a large tunneling 
taken place. Again, the valence electrons in P types see forbid¬ 
den levels to the left and can tunnel. 

Corresponding to a point (c) when the forward Was is again 
raised, the conduction band electrons are raised to a level so high 
that only a part of them see available energy te”** across the 
barrier. Thus tunneling current is smaller than above. 

Now with reference to point (d), the tunneling has been 
completely suppressed and ordinary injection currents are making 
up the current as is seen from fig. 49 (d). 

Tunnel diodes are useful in high frequency circuits. There is 
a very little capacitance associated with the junction and hence 
the temperature effects are small. 

6 30. ZENER DIODE OR BREAK DOW N DIODE : 

„ ic ^ silicon crvstal diode having an unusual 

reveS B ciinent characteristic which is particularly suitable for 

S re u. e f g 

Ked l*£SS £“ increased,' lvalue is reached at which 


ronob/e 
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or zener 
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'Leakoge 
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current 


/ for no t 
voltage 
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Input vc/toge 


( a) («) 

Fig. 50. (a) Characteristics of a zener diode, (b) Regulating circuit. 

(c) Transfer characteristic of zener diode, 
the current increases greatly from its normal cut off' value. This 
voltaee is called a zener voltage or breakdown voltage and 
revase Current as zener current. There are two mechanisms of 

In this way current increases tremendously without increasi g 
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applied voltage. According to the second mechanism, the break¬ 
down is initiated by strong electric fields even if initially carriers 
with sufficient energy are not available. In case of zener diode, 
both breakdown exists simultaneously. The breakdown can be 
controlled by the amount of impurity in the semiconductor, the 
nature of electrodes, and the forming treatment employed. 

The figure (50 b) shows a basic zener diode D.C. regulating 
circuit. The diode is selected in such a way that its breakdown 
voltage is equal to the desired regulating output. When the input 
voltage is less than the breakdown voltage, very small current 
flows through the diode and the whole input appears across the 
output terminals. But when the input voltage reaches the break¬ 
down voltage, breakdown takes place and current through the 
diode is adjusted itself such that voltage across the zener diode 
remains constant. The transfer characteristic is shown in figure 
(50c). 

6 31. FIELD EFFECT TRANSISTOR (FET): 


The field effect transistor is a device in which the number of 
current carriers available in conducting region is controlled by the 
application of an electric field at the surface of semiconductor or 
a field effect transistor operates on the principle that the thickness 
and hence the resistance of a conducting channel of semiconductor 
material may be regulated by the magnitude of a potential applied 
to its input terminals. They are of two types : 

(1) Junction field effect transistor (JFET or simply FET), 

(2) Insulated gate field effect transistor (IGFET) or metal 
oxide semiconductor field effect transistor (MOSFET). 


Thus we have the following classification of FET : 

FET 


JFET 

(Depletion type only) 


IGFET 

or 

MOSFET 


I \ | I 

N-channel P-channel | 

Depletion type Enhancement 

■-!_ type 

* i | 

N-channel P-channel £-^ 

N-cbannel P-channel 
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Y ET's 


Junction transistor 


1. FETs have very high input 
resistance. It ranges from 10 * to 10 l 
ohms in JFET and from \0* M ohms 
to 10 7 M ohms in MOSFET. Thus 
FET is a voltage control device. 

2. FET is unipolar (can operate 
only in forward direction) if. 
operation depends upon the flow of 
majority carriers only. 

3. Transconductance is low 
(lO.OOOn ohms) and hence voltage 
gain is not large. 

4. Less noisy as compared to junction 
transistor. 


Junction transistors have low input 
resistance. It ranges from 10 * to 10 * 
ohms. Thus it is a current controlled 
device. 

The operation depends upon the 
interaction of both the majority and 
minority carriers and hence they are 
named as bipolar. 

Transconductance is very high so the 
voltage gain is high. 


More noisy. 

5. Immune .0 radiation. Sensitive to radiation. 

6. Thermal stability is good. Thermal stability is poor. 

7. More costly than junction Iran- Le>s costly, 
sistor. 

L&ttva&.'s sasfMfcssa 

gate current flow when gate junc.on .ton current, 
is forward biased. 

9 The output voltage is linearly T^e major applicauon in the fietd of 
delated to in£u. voltage* when ; used as electron,cs ,s as amplifier, 

small signal amplifier. w, ‘ l j!" gc 
signal non-linear distortion appears. 

The FET has a relatively small gain 

bondwidth product. __ 

6 31-1. JUNCTION FIELD EFFECT TRANSISTOR (JFET) 

The field effect transistor is a single impurity semiconductor 
to which impurity material of opposite type is formed on both the 
sides The construction is shown in figure (51). The basic matenal 
fftype 10 which heavily doped P material (denoted b i P+U * 
added The major N type area forms the channel. The ends of the 
semiconductor have heavily doped area (*+>. Jhe currenMnp 
side of the semiconductor is known as source (comparable to 

vacuum tube cathode) and opposite end as drain (comparable to 
plate of a vacuum tube). The opposite impurity control regions are 
known as gate (like a grid in vacuum tube). Between the gate and 
the source a voltage is applied in a direction which is reverse bia 
for the PN junction. A voltage is also applied between source and 
drain so that current flows along the length of the transisto . 
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Fig. 51. An ^-channel JFET. 

Circuit symbol and notation. The circuit symbol and polarity 
notation for an TV channel FET are shown in fig. (52a). It should 
be noted that the direction of the arrow in the gate terminal indi¬ 
cates the direction in which gate current would flow if the gate 
junction were forward biased. When a P-type semiconductor bar 
is used the gate is formed by making heavily doped TV regions on 
both side of the bar. Such FET is called a P-channel FET. The 
circuit symbol and polarity notations for a P-channcl FET are 
shown in fig. (52b). It can be observed from fig. (52b) that the 
polarity of voltages are reversed as compared to TV-chan nel FET 
and thus Id and N D s are negative and Vcs is positive. 



Fig. 52. 

Operation : The operation of this transistor can be explained 
by considering the main current and a controlled voltage. In this 
transistor the main current is composed of electrons as they are 
the majority carrier in W-typc. The TV-type layer provides a path 
to the main current. The main current is controlled by the signal 
voltage by applying a reverse bias to both the PN junctions. Now 
we shall explain that how a reverse bias affects the control of the 
current. Due to the reverse bias voltage across PN junction a layer 
of immobile carriers (called depletion layer) is formed with un¬ 
covered positive ions on TV-side and negative ions on P-side. The 
thickness of depletion layer in TV-type channel increases as the re¬ 
verse bias voltage across junction increases. Thus the effective width 
of the channel reduces with the increase of reverse bias. Actually, 
the depletion region acts like a capacitor. Thus for a fixed drain 


Semiconductors and Transistors 


253 


to source voltage, the drain current is a function of reverse bias 
voltage. A small signal which provides a reverse bias controls a 
much large output signal. 

Static Characteristics—The static drain characteristics for a 
typical N channel FET in its common source ' ,s 

shown in fig. (53a). It gives variation of Id versus V D s with Vos 



oa)DRUN CHARAC T£R‘S T>C S 


Fig. 53. 

as a parameter. To see qualitatively, why the characteristics have the 
form shown, let us consider the case for which V C s=0. When Vos 
is zero, the channel between gate junctions is entirely open, but 
due to absence of any attracting potential at the drain the majority 
carriers are not drained by the drain terminal and consequently 
the drain current I D is zero. In response to a small applied voltage 
y the AMype bar acts as a simply semiconductor resistor and 
the current Id increases linearly with V DS . With increasing current 
the ohmic voltage drop along the AMype channel region reverse 
biases the gate junction and the conducting portion of the channel 
begins to constrict. This is due to the fact that when a junction is 
reverse biased a depletion layer is formed and the width of the 
depletion layer is proportional to the square root of the reverse 
voltage. The depletion layer extends to the channel as P region is 
heavily doped. The current through the channel is not proportio¬ 
nal to the drain source voltage as the resistance changes due to 
the movement of the depletion layer into the channel and a conse¬ 
quence decrease in the area available for the carriers to move. 

The depletion layer is not uniform but is more pronounced at 

distances farther from the source as indicated in fig. (53 b). Thus 
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when the drain source voltage is increased from zero value, the 
channel current increases at first but reaches a maximum value 
when the depletion layer extends throughout the channel. As the 
applied voltage is further increased, the channel is pinched on (all 
the free charges from the channel are removed) and the current 
Id approaches a constant value. The voltage Vds at which the 
channel is pinched off is called the pinch off voltage V P . Further 
increase in voltage Vds eventually causes the avalanche break¬ 
down across the reverse biased gate junction and the current Id 
shoots to a high value. Other characteristics are similar to the one 
for Vgs=0 except that of a pinch-off voltage. 

Cut off Condition : It is seen from the drain characteristics [fig. 
(53a)), that at a fixed value of V D s in the constant current region, 
the drain current Id reduces as the reverse-bias at the gate (Vgs) is 
increased. This is due to the fact that as the magnitude of Vgs 
in the reverse-bias direction is progressively increased, the conduc¬ 
ting channel width decreases correspondingly. Finally, when Vgs 
is equal to V P (Pinch off voltage), the channel width is reduced to 
zero and the drain current I D becomes zero. However, in practice 
it is observed that some leakage current still flows even when the 
magnitude of Vgs is made larger than that of V P . The manufacturer 
usually specifies a maximum value of leakage current at some value 
of V D s and V C s . The leakage current is of the order of a few 
nanoamperes. 

Another important parameter is the gate cut off current or 
gate reverse current. It is gate to source current with the drain 
shorted to the source i.e. V D s =0 and with | Vgs \ > \ Vp\ under 
cut off condition. Typically, the gate cut off current is of the 
order of a few nanoampere for a silicon FET. 

Shorted-Gate Drain Current. The current in the shorted gate 
condition is represented by loss- The subscripts stand for Drain 
to Source with shorted gate. Since the drain current is almost cons¬ 
tant in normal range of operation, I D ss represents the approximate 
drain current for any drain voltage between V P and V D ss (max.) 
loss represents the maximum drain current we can get for normal 
operation of a FET. 


Transconductance Curve. A curve which relates the output 
p Ur £5 n . 1 \° in P ul voltage is known as transconductance curve. For 
,°Jo Id versus Vgs- By reading the values of/ D 
ana Kcs from tig. (53a) a transconductancc curve can be drawn. 

Shncklev , 8ra . P ? 'I a P t ar abolic curve i.e., a part of parabola, 

is given^by monstrated that the equation of transconductance curve 




io=ioss [ 

Forexa m ^ w h en/ J =9m ,- a ^>J 
1 5K, the dram current I D is given by 


...( 1 ) 
— 3V then for 
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/ o =0 009 ( l+-^| ! =2'22mA 

Parameters relationships and transconductance. The parameters 
are related as follows: 

Kj>=Pinch off voltage 
7,o=Drain current at some value of Vos *0 
Idss= Drain current at Vgs= 0 
Vos =Gate to source voltage 
V DS =Drain to source voltage 
^/,=Transconductance at I d *Idss and Vos* 0 

£7*=Transconductance a t I D =I DSS and K<;s=0 

Now = 1-^) usingeq.(l) ...(2) 

and g'f,=2IosslVp (V Vos=0) ...(3) 

FET Parameters In analogy with the vacuum triode or bipo¬ 
lar transistor, the FET has the following important parameters : 
Amplification factor n. This is defined as 



Dynamic drain resistance rp. This is defined as 



The reciprocal of r a is drain conductance go- This is also 
Mutual Conductance g m . The mutual conductance or the 
transconductance is defined as 



This is also called as common source forward transadmittance. 
The above parameters are related as 

y-=r D g m ...(4) 

Comparison of N and P Channel JFETs 

N-Cbannc! JFET 

P-Channel JFET 

1. The current carriers are elec¬ 
trons. 

Current carriers are holes. 

2. The mobility of electrons 
is almost twice that of holes in P- 
channel. 

The mobility of holes is poor. 

3. Low input noise. 

Large input noise. 

4. Large transconductance. 

Low transconductance. 


Thus in electronic circuits, TV-channel device is superior to 
P-Channel device. 
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6-31-2. METAL OXIDE SEMICONDUCTOR FET : 

There are two types of metal oxide semiconductor FET. The 
first type is known as enhancement type MOSFET, while the 
second type as depletion MOSFET. Here we shall describe both 
types of MOSFET. _ 

(i) Enhancement type MOSFET ! An N channel MOSFET is 
shown in figure 54 (a). There are two highly doped (AT-f) regions 
(one source and the other drain) on a lightly doped P type (sub¬ 
strate). A layer of insulating silicon di-oxide is placed over it. 
Now over the insulating Si0 2 layer 
a gate is formed. Three different ter¬ 
minals for source, gate and drain 
are taken out as shown in figure. The 
insulating layer between gate and 
channels provides a very high input 
impedance. When a positive voltage 
is applied at the gate, it induces 
negative charges in insulating layer 
and correspondingly negative charges 
in semiconductor. The negative 
charge region in semiconductor inc¬ 
reases as the positive voltage at the 
gate increases. This negative charge in semiconductor helps in 
conducting between source and drain. In this way the drain 
current is enhanced by the positive gate voltage. 

Fig. 54 b and Ac show the drain characteristics and transfer 
characteristics of Af-channel enhancement type MOSFET. 



m 

induced Channel 
P(Substrohe) 


Fig. 54a. 


An N channel 
MOSFET 



Fig. 54b. The drain static characteristics of ^-channel enhancement 

type MOSFET 

It may be noted from fig. 546, that the drain current for Vas 
greater than zero is very small and as V os is made more positive 
the current increases slowly at first and then at a much more 
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FiR 54 c Transfer characteristics of N channel enhancement 

type MOSFET. 

r aD id rate. The gate source voltage at which the channel is for¬ 
mat to let through the flow of drain current of predeflned value 
M Wed the gate-source threshold value. The gate- 
source threshold value is denoted by Vost or simply V T as shown 
in fie 54c The current /o«w represents the maximum permi- 
sible current on the drain characteristics of fig. 54c. These values 
iZr and W are sometimes specified by the manufacturer for 

particular M SFET^osfet . An Channel depletion MOSFET 

... V:' P ,hmvn in figure (55a). The difference between 
depletion^MOSFET and enhancement MOSFET is that in depletion 

Source Gate Oroin 


Droin 



Source 

(Symbol) 


Fig. 55 a. Depletion type MOSFET. 

MDCFPT an V-tvDe layer is also introduced between source and 
MOSFET an IV type lays js applied at the gate, positive 

drain. When a negat , j We know that the electrons 
fayer In this way the d^ain current can be reduced by applying a 
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negative voltage at the gate. However, depletion MOSFET can be 
used in enhancement mode by applying positive grid voltage. 

Fig. (556) and (55c) show the drain characteristic and trans¬ 
fer characteristic for an-A^-channel MOSFET which can be operated 
in both depletion mode and enhancement mode corresponding to 
negative and positive gate voltages respectively. So more appro¬ 
priately, MOSFET may be designated as dual mode MOSFET. 



Fig. 556. Drain characteristics of AT-channel dual mode MOSFET. 



Fig. 55c. Transfer characteristics of -V-channel dual mode MOSFET 

i* nofarS U £nrt ( M C)l tbatfor ^=°- th « drain current 
source cur off * S „* Ppr ^ ,able va,ue - . The figure shows the gate 
duces to some snerifieri w *!' ch tfie drain current I D re¬ 

voltage vT Thi vnl.a 68 ^ V e at a rec °mmended drain 

voltage ^ of a JFET 6 ® wn COrresponds to a pinch off 






Semiconductors and Transistors 


259 


The operation and the characteristics of a /’-channel MOSFET 
are similar to (V-channel MOSFET except that the signs of cur¬ 
rents and voltages are reversed. 

6-32. THE UNIJUNCTION TRANSISTOR (double base diodes) : 

The device that leads itself to calculation on a negative 
impedance basis is the unijunction transistor. The device resembles 
the FET in the sense that it has only P-N junction and diners 
from FET because the junction is forward biased. The transistor 
and biasing are shown in fig. 56 (fll and 56 (6). It is a double base 
diode with a lightly doped bar of //-type silicon and has a junction 
located at the centre. The resistance between base 1 and base 2 is 
of the order of 5 to 10 ft when the junction is reversed biased. 





00 “> . 
Fig. 56. Unijunction transistor construction 
and circuit diagram symbol. 


Fig. 57. Characteristic of 
unijunction tran¬ 
sistor. 


Fionre 57 shows the static emitter characteristic of the transistor. 
For value 0^1 below (0 5-0'75) V DB , the emitter junction is 
feverled biased, and only a low level of emiltercurrent is possible. 
When the emitter diode is forward biased, more holes are injected 
thebarwhich are repelled by base 2. but their presence in- 
creases the conductivity between emitter and base 1. This mcrea- 
srd conductivity results in a reduced voltage drop Vt required to 
support a g.^en current level/,. Thus when the voltage from 
emitter to base 1 is falling, a negative resistance results. The end 
of this negative resistance region occurs when saturation is 
reached. For currents above saturation, the voltage again increa- 

ses but only slowly. 

6 33. GUNN EFFECT AND DIODES 

With the help of junction diodes, high microwave power can 
not be obtained. While studying the properties of thin specimens 
of gallium arsenide, J.B. Gunn, in 1963 discovered that unde 
high electric stress, there is periodic fluctuations the current 
passed by the material. This effect is known as Gunn effect. This 
?s also known as bulk transferred electron e/eef. Besides gallium 
arsenide, there are few other semiconductors like indium phos 
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phide, cadmium telluride and indium arsenide which exhibit this 
property. 

Fig. (58) shows the construction of a typical Gunn diode. 
When a small d.c. voltage is applied across the thin slice of gallium 
arsenide, negative resistance manifests itself under certain condi¬ 
tions. If the slice is connected to a suitably tuned circuit, oscil¬ 
lations occur. As the slice is very thin, the voltage gradient 
across the slice of GaAs is very high. Due to this reason, the 
electrons velocity is also very high which causes the oscillations to 
occur at microwave frequencies. 


Go/d w/re (Anode) 


F/onge 





Go/d o/toy 
contact* 



— Goldol/oy 
contact 
,+ Subtrate 

'Active & /oyer 


mo/yddena/n ct*6 (ca&ode) 

Fig. 58. 

Gunn effect is a bulk property of semiconductors and does 
not depend on either junction or contact properties. This effect is 
independent of total voltage or current. This is not affected by 
magnetic fields or different types of contacts. As this effect is 
found in N type materials, so it is associated with electrons and 
not with holes. Gunn observed that the voltage required is 
proportional to the sample length, in volt per centimeter. This 
is the major factor determining the presence or absence ofoscil- 
Utions. For oscillations to take place, the threshold value of 3*3 
KV/cm should be exceeded. The frequency ofoscillationspro- 

t0 lhe tlme laken b y the electrons to traverse 
the width of N type material, as a result of voltage applied. 

in oinfnm'I 6 . Fi 8* 59 shows the important energy levels 

ca«^u UI K sen,de ‘ Th,s ,s semiconductor which, in an N doped 
SSSft fitiS a “ Cm ? ty *.. en ?u 8y band hi S her in energy than the 
h HHen o!n d k£ r part,y fi,led band - Moreover the size of the for- 

thc f s ? tWO J is . reIativ ely small. This is peculiar 

germaniumaidsHicon ° U " d “ C ° mm ° n semiconduc tors like 

hoc o° n the ap P. llc . ation of voltage across a slice of GaAs which 
toward^ of , elcclro " s /'Y type), the electrons flow (current) 

the vohale an l>H e - en h°h lhe - sl u e ‘ The current is a function of 

be the currem So 'L ,he v °‘'age applied, higher would 

be the current. So far, the device behaves as a normal positive 
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resistance. In ordinary diodes, the component of velocity towards 
the positive end, imparted to the electrons due to applied voltage, 
is quite small compared to the random thermal velocity which 
these electron possess. However, in case of GaAs Gunn diode, 
the high voltage gradient impart so much energy to electrons that 
instead of travelling faster (constituting a large current) they are 
actually slowed down. The reason is that due to very high velocity, 
the electrons get transferred into empty energy band at the top of 
fig. 59, where they becomes less mobile ie. slowed down. This 


Empty energy 6ann 

Narrow for/?/aVen 
energy toad 

figr//y f/ '/W energy gw 


fvrSuMen energy gop 


Filled energy bend 


Fig. 59. 

gives rise to the name transferred electron effect. The electrons are 
thus transferred from the conduction band to a higher energy band 
in which they are much less mobile and so the current ,s reduced as 
the voltage is increased. I. is thus seen that as the voltage rises 
past the threshold level, the current falls and the negative resis¬ 
tance is exhibited. The main difference between gallium arsenide 
and other semiconductor materials is that it requires a low vol age 
to transfer electrons to empty energy band compared to other 
semiconductor materials. 

Volt ampere characteristic : The basic mechanism involved in 
the operation of bulk N type GaAs device is to transfer the elec¬ 
trons from lower conduction band to upper empty band The 
effective mass of the electron in the lower conduction band is 
smaller than in the upper empty band. This shows that there are 
different mobilities in the two bands. In N type GaAs, the most 
of the electrons at low electric fields and at low lattice tempera¬ 
ture occupy the lower conduction band with ohmic current 


where oSe/ii«iSeH 0 /*i- Here n, is me carriei eum-cmiaiiuu 

is assumed to be approximately equal to the total carrier con¬ 
centration n„ and Ml is the mobility in the lower conduction 
band. 

As the applied electric field is increased, the electrons gam 
energy and move upward in empty band. In this band their 
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mobility is decreased as the effective mass increases, thus decre¬ 
asing the current density J. There is a certain threshold field 
above which this transfer starts to take place. Now the current 
density is given by 

J=oE=e 

=en^E *-*( 2 ) 


where 





the average mobility of electrons. 

When the field is raised high enough, almost all the electrons 
transfer to empty energy band. The current density now becomes 


J=oE&en 2 fi 2 E •••(3) 

where // 2 =carrier concentration in upper empty 

band, and 

^ 2 =mobility in this band. 

A graph between J and E is shown in fig. 60. In fig. 60 J„, 
is the maximum current density, J ✓ is the empty band current 
density, E,„ is the maximum electric field required before the onset 
of negative conduction region, E a is the maximum electric field for 
which cq. (1) is valid, Eb is electric field beyond which eq. (3) 
holds and Ey is the electric field corresponding to Jy. Since J is 
proportional to the terminal current / and E is proportional to 
the applied voltage V , fig. (60) is the K-/ characteristic of Gunn 


y 



Fig. 60. 

djodc. The region of the characteristic between £ m and Ey where 

=‘ d H e r y , de ? reaSeS W,th increas * n 8 electric field is one of 
negatne differential resistivity. 

th a n^f DOn,ail, T hena< l C - bias of 3 value equal to or more 
corresponding to threshold field is applied to a Gunn 

hir^, h M harg -r enSltl ^ and the eIectric field wi,hin the sample 
become nonuniform. Due to this reason domains (bunchof 
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electrons) are created i.e. electrons in some region of the sample 
experience transfer first than the rest of the sample. The reason 
is as follows: 

It is reasonable to accept that the density of doping material 
is not completely uniform throughout the sample of gallium 
arsenide. So it is possible that there may be a region, perhaps 
somewhere near the negative end, where such an impurity concen¬ 
tration is less than average. In such a region there will be fewer 
free electrons than in other areas and therefore this region is less 
conductive than the others. As a result, the field in this area will 
be greater than anywhere else in the sample i.e. the potential at 
this region will be greater than average potential. When the 
applied voltage is increased, this region will be the first to have a 
voltage across it large enough to induce transfer of electrons to 
the higher energy band. Infact, such a region will then become 
a negative resistance domain. There may be another possibility of 
the non uniformity in charge density and electric field. This is 
due to thermal fluctuations in the carrier density. The fluctuations 
in the carrier density creates a localized excess of electrons. The 
electric field near the excess of electrons is composed of both the 
applied field E m and the ^ rAnOC/e e/rf 

field of charges. This is 

shown in figure (61). It is ^ - -Sample 

obvious from the figure ;§ 

that the net electric field . 

on the anode side of the 1 I 1 1 1 .__ 

domain is greater than the • • • • • 

cathode side. When the j t t t t e/GCfr0ns 

field at the anode side ^ 

exceeds threshold, the do- 

main move with lesser ^ 

velocity. This creates a 

slight excess of electrons MUM*.<WMe 

in that location and a 

slight deficiency of elec- f ' . . f . , 

irons immediately ahead. The region of excess and deficient 
electrons form a dipole layer. The electric field inside the dipole 
£r is higher than any where else. The electric field outside he 
dioole starts dropping as a result ot constant applied field. As the 
dipole drifts along, more electrons in the vicinity will transfer to 
upper band. This continues until the electric field outside the 
dfpole region is depressed below the threshold value of field and 
the dipole is collected at the anode. Upon collection, the field in 
the sample jumps to the original value. Now the next formation 
of the domain begins as soon as the field value exceeds the thres¬ 
hold value. . . 

The domain is quite capable of travelling and may be thought 
of as a low conductivity, high transfer region, corresponding to a 


-Sample 


Layer of excess 
electrons 


mMLCafMe c^cf 

Fig. 61. 
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negative pulse of voltage. When it arrives at the positive end of 

a slice, a pulse is received by the associated tank circuit and shocks 
into oscillations. Infact, these pulses are responsible for the 
oscillations in Gunn diode, rather than the negative resistance. It 
is seen that only one domain, or pulse, is formed per cycle ot Kt 
oscillations, so that energy is received by the tank circuit in cor- 
rect phase to permit oscillations to continue. 

LSA mode and diodes. The term diode is a misnomer for 
Gunn devices because neither there is a junction nor the rectinca- 
tion. This is called diode simply because it has two terminate. The 
Gunn devices have a number of names as transferred electron 
device (TED), transferred electron oscillator (TEO), bulk effect 
diode, bulk effect oscillator (BEO) and bulk GaAs oscillator. LSA 
is an acronym used for Limited Space-charge Accumulation mode. 
In this mode the domain is not allowed to form at all. The fre¬ 
quency and r.f. voltage are so chosen that the domain is not given 
sufficient time to form before it is extinguished. 

The basic construction of LSA 
diode is shown in fig. (62). The 
construction is similar to a Gunn 
diode with difference that the size 
of active region is much larger in 
this case. The larger size of the 
active region permits higher power 
dissipation which causes higher 
power output and higher operating 
frequencies. As the domains are 
suppressed, negative resistance 
operation takes place. This is rela¬ 
tively independent of transit time 
i.e. the device length. The voltage 
across this larger diode can be increased considerably for the same 
current. Thus the power output is increased significantly. 

Following are the steps used to prevent the formation of 
domains : 

(i) As shown in fig. (63), the applied voltage is well in excess 
of the threshold value. This bias together with the external 
resistance is so arranged that the oscillating voltage exceeds past 
the negative resistance region. Thus any domain formation will 
be dissipated. 

(//) The resonant frequency of the cavity is made three to 
twenty times the required value for domain operation. Now the 
rj cycle is too fast to permit the domains formation anywhere. 

chmm. ,T hc doma h formation can be also prevented by carefully 

““ op " a,ing 
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{a) High efficiency 
is obtained sinee most of 
the devices exhibit nega- A 

tive differential conduc¬ 
tance. 

( b) Since the domains 

are not formed, high 
operating voltage is per- v 

mitted -without causing £ 

avalanche break down. ^ 

This suggests high power ^ 

operation. 

(c) This mode may 
be utilised for pulsed osci¬ 
llations at the highest fre¬ 
quencies. 

6 34. IMPATT (IMPACT AVALANCHE AND TRANSIT TIME) 
DIODES 

The IMPATT diode is a two terminal PN Junction device 
operating at reverse bias. The diode uses for its operation avalanche 
current multiplication to achieve a negative resistance. The negative 
resistance may be used at microwave frequencies. The negative 
resistance of a device means the rise of current with a fall of vol¬ 
tage and vice versa. The negative resistance of a device may also 
be defined as the property which causes the current through it to 
be 180° out of phase with the voltage across it. Now we shall ex¬ 
plain the term avalanche current multiplication. When a sufficiently 
high electric field exists in the depletion layer, the velocities of the 
carriers crossing the depletion layer increases. These carriers 
(electrons and holes) undergo collisions within the crystal. Out of 
these collisions some are so violent that electrons are knocked off* 
the crystal atoms. This creates electron-hole pairs. The pairs attain 
high velocities to cause further pair generation through more 
collisions. Near the breakdown voltage, the field becomes so large 
that the chain of collisions can give rise to an almost infinite 
current with very slight additional increase in voltage. The process 
is known as impact ionization and production of very large current 
implies avalanche multiplication. A combination of delay involved 
in generating avalanche current multiplication, together with delay 
due to transit-time through a drift space, provides the required 
180 ° phase difference between applied voltage and the resulting 
current in an IMPATT diode. Fig. (64) shows the active cross- 
sectional area of IMPATT diode. Now we shall show that how 
IMPATT diode shows a 180° phase difference i.e. a negative 
resistance. 

The back biasing of the diode, results in a flow of minority 
carriers across the junction. The junction is between p + and the n 
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Fig. 64. 

layers. Let us consider the effect of a positive swing of the r.f. 
voltage superimposed on the d.c. biasing voltage, assuming that 
oscillations already exist. Here the process of impact ionization 
continues until avalanche takes place. If the original dc _ biasing 
voltage is set just equal to the threshold required for this avala¬ 
nche, then this threshold voltage will be exceeded during the whole 
of the positive r.f. cycle and the avalanche current multiplication 
will be taking place during this entire time. Here the avalanche 
is not instantaneous. Fig. (65) shows the voltage and current 
curve. 
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Fig. 65. 


(a) Applied and RF voltage. 

(b) Resulting current pulses and its drift 
across diode. 
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It is obvious from the figure that the current pulse reaches its 
maximum (at the junction) at the instant when the r.f voltage 
across the diode is zero and going negative. This indicates a 90 : 
phase difference between the voltage and the current. Due to 
reverse bias, the current pulse drifts towards the cathode. The 
time taken by the current pulse to reach the cathode depends upon 
the thickness of n + layer and its drift velocity. Jf the external 
conditions are suitably arranged, it is possible to ensure a phase 
difference of90°. In this way a total phase difference of 180’ 
exists between the applied voltage and the resulting current, so 
that the device may be said to exhibit negative resistance under 
these conditions. Such a negative resistance may be used in oscilla¬ 
tors or amplifiers. Because of the short times of drift region, the 
frequency of oscillation mainly lies in microwave spectrum. 

6 35. PIN DIODES 


Pin diodes (p+-i-n+) find extensive use as microwave 
switches, with greatly improved switching times as compared to 
PN junctions. This is achieved by inserting a high resistivity 
intrinsic or very lightly doped material layer of somewhat more 
thickness between a narrow layer of p-type semiconductor and 
/i-type semiconductor as shown in fig. (66). Silicon is mainly 
used in construction of PIN diodes but sometimes gallium arsenide 
is also used. Metal layers are added to the construction for contact 
purposes. 


Mofo///C COn/ocf 
tyfte s/V/conJ 


P*7ype 
Si/icon . 


/A/r*///S/C 


wefo///c contact- 


Fig. 66. Pin diode. 

PIN diode acts as an ordinary diode upto 100 MHz. However 
above this frequency it ceases to rectify because of the carrier 
storage in and transit time across the intrinsic region. At micro- 
wave frequencies, the diode behavesas a variable resistance. Fig. (67) 
shows a simplified equivalent circuit along with its resistance- 
voltage characteristic. 

When a reverse bias is applied on a PIN diode, its microwave 
resistance lies in the range of 5 to 10 K$l. On the other hand, 
under forward bias conditions, resistances as low as 0 5 to 10f2 
can also be obtained. Thus, if a PIN diode is mounted across a 
5012 coaxial line, under reverse bias conditions, it will not signi¬ 
ficantly load the line and therefore the power flow will remain 
uninterrupted. Moreover, under the forward bias conditions, the 
resistance of PIN diode becomes very low and as a result of this 
only a very small part of the power is transmitted i.e., most of the 
power is reflected. Thus the diode acts as a switch, in a similar 
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(a) Equivalent circuit. 



Fig. 67. 

way, it may also be used as a modulator and may be placed in 
series with the line or waveguide. 

Following are the typical applications of PIN diode. 

(1) SPST and MPST switches. 

(2) Pulse modulators. 

(3) Amplitude modulators. 

(4) Phase shifters. 

(5) Diplexers. 

(6) T-R switches. 

(7) Attenuators. 

(8) Constant impedance devices. 

6 36. SCHOTTKY BARRIER DIODE. 

Schottky barrier diode is an extension of point contact diode. 
This diode is known as hot carrier diode, a hot electron diode 
or an ESBAR diode (short for epitaxial. Schottky barrier). The 
name hot electron diode is given because electrons flowing from 
the semiconductor to the metal have a higher energy level than 
electrons in the metal itself, just as the metal would if it were at 
a higher temperature. The most commonly used semiconductors 
are silicon and gallium arsenide. They have their own merits and 
demerits i.e., silicon is easier to fabricate while GaAs has lower 
noise and higher operating frequency, n-type epitaxial materials 
are used, and the metal is often a thin layer of titanium surrounded 
by gold and silver for protection. 

Schottky barrier diode shares the advantage of the crystal 
rectifier in that there are no minority carriers in the reverse direc¬ 
tion (i.e., no significant current from the metal to semi-conductor 
when the diode is reversed biased). The delay due to the hole- 
electron recombination present in junction diodes is thus absent 
here. In Schottky barrier diodes, the junction areas are consider¬ 
ably larger than point contact diodes and hence the forward 
resistance and so the noise is comparatively lower. The applications 
of the diodes are the same as those of crystal rectifier i.e , micro- 
wove detection and mixing. 
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6*37. BACKWARD DIODES 

A backward diode is a special form of tunnel diode in which 
the negative resistance peak and valley region from the tunnel 
diode characteristic is removed by suitable doping and etching 
during manufacture. The characteristic of a backward diode is 
shown in fig. (68). In this case forward current is very small 



Fig. 68. Backward diode characteristic. 

and becomes equivalent to the reverse current of a conventional 
diode. This diode can be used for a small signal rectifier. It has 
the advantage of not only narrow junction and therefore a high 
operating speed and frequency but also of a current ratio (forward 
to reverse) which is much higher than in conventional rectifier. 
This diode is sometimes called as tunnel rectifier which is quite 
common in use. This diode is used in video detection, low level 
mixing etc. as it is a low noise device. Mostly GaAs is used as a 
semiconductor material for its fabrication. 

6 38. SILICON CONTROLLED RECTIFIER (SCR) : 

This is a semiconductor equivalent of thyratron tube. It con¬ 
sists of three junctions J z and 
/a (Ji and J 3 operate in forward 
direction while middle J 2 operates 
in reverse direction) and three 
terminals known as anode A t 
cathode K and gate G as 
shown in figure (69) .In order to 
consider the operation of a sili¬ 
con controlled rectifier, it can be 
regarded as consisting of one 
N-P-N transistor and other P-N - 
P transistor interconnected as 
shown in figure (70). 
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Fig. 70 

It is obvious from the figure that the junction /, is ^ollector 
junction common to both transistors while 7. and ^ constitute 

emitter junctions of these transistors. As long as • anode 

biased, the whole unit behaves as an open circuit between an 
and cathode. But when inserting a current pulse at the gate , 
the junction J t is forward biased the unit acts as a short circuit s 
that the anode current is limited only by load resistance. When a 
positive voltage is applied at A with respect to cathode each oi 
the emitter junctions is forward biased while J 2 remains reverse 

biased. Thus the two currents i' c , and r c , are very small i.e., tney 

are the leakage currents only. When grid is made positive, a large 
collector current i Cl flows through T\. The current i Cl *s the oas 
current for T 2t hence it causes a large collector current /* through 
the collector of T 2 . Ultimately the conduction through both the 
transistors takes place which leads to saturation state. Now, even 
if the grid is not supplied any current pulse, the SCR continues to 
conduct until anode voltage is removed or anode current is reduced 
below a cejtain holding level. 

The voltage current characteristics of SCR is shown in 
fig. (71). When a reverse voltage * 

is applied between A and K t I S 

small leakage current flows. ^ X 

Similarly a small leakage current ^ An 

also flows when it is forward ^ , 

biased. When forward voltage ^ - 

is increased a break-down ^ / j j 

condition is reached which --—? % fr 

fires SCR. The firing of- - " * 

SCR can also be made by apply- A/10de voltage * 

ing a short positive pulse current Fj 7I> Vol|age currenl charactel 
at the gate. This is denoted -istic of SCR. 


Fig. 71, 


Voltage current character¬ 
istic of SCR . 
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Oa/e 


by dotted line OB. SCR remains conducting as long as the 
anode current is maintained larger than holding current I H If 
anode current becomes less I Hi SCR turns off. 

639. TRIAC / 

Fig. 72 (a) and ( b) show the structure and symbol of a triac. 
This is a four layer device 
with three electrodes : ter¬ 
minal 1 , terminal 2 and a 
control gate G. It is a bi¬ 
directional device as it can 
block voltages of either pol¬ 
arity and conduct current in 
either direction. The bidirec¬ 
tional property is due to its 
junction structure. The TV- 
type emitter at terminal 2 is 
located directly opposite F- 
type emitter at I and the 
P type emitter at 2 is locat¬ 
ed directly opposite TV-type 
emitter at 1. The gate ter¬ 
minal makes contact (ohmic) 
with both P and TV type 
materials. Thus it allows 
the use of cither a 
positive or a negative pulse 
as trigger currents. The V-l 
characteristics are shown in 
fig. (73). 

The triac is said to be 
positively biased when ter¬ 
minal 2 is positive with 
respect to terminal 1 (oper¬ 
ation in 1 quadrant). It is 
said to be negatively biased 
when terminal 2 is negative 
with respect to terminal 1 
(operation in III quadrant). 

Thus the triac can be trigg- 




(b) 

(a) structure of a triac (b) its symbol 
/! + 



Fig. 73. 


Volt ampere cnaracteristic of a 
triac. 

ered with either positive or negative gate pulses when the anode 
potentials ate positive or negative respectively i.e.. triac is an 
a.c. switch which can be made to conduct on both alterations (half 
cycles) of an a.c. voltage. 


640. DIAC 

Fig. 74 (a) and ( b ) show the structure and symbol of a diac. 
This is two terminal device having a three semiconductor layers 
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PNP. It can be made to conduct in either direction and hence a 
bidirectional device. It has no gate terminal. 


t 

term///#/ 

Q 


O 

(a) (fiJ 

Fig. 74. (a) Structure of diac 
(b) Its symbol 

Fig. 75. Diac voltage current characteristic. 

The voltage current characteristic of a diaejis shown in fig. (75). 
The two PN junctions of diac have equal doping characteristics. 
Therefore a diac produces symmetrical switching characteristics 
for both positive as well as negative voltages. 

When the PN junction is reverse biased, then any applied 
voltage of either polarity causes a small saturation current across 
this junction. It is also obvious from thc.figure that the diac current 
rises sharply as the applied voltage exceeds the avalanche break¬ 
down voltage. In this ON condition, the voltage across the diac 
decreases with increasing current showing thereby a negative 
resistance region. The diac is used as a trigger device in triac 
power control systems. 

EXERCISES AND PROBLEMS 

1. Define the terms (a) conductor, (b) insulator, (c) semiconductor. 
Discuss what is meant by P and N type semiconductors. Explain the 
movement of electrons and holes in a semiconductor. 

2. Explain the mechanism of electrical conduction in a typical semi-con¬ 
ductor like germanium or silicon. How the conductivity of pure semi¬ 
conductor is affected by adding traces of trivalent and pentavalent 
impurities ? 

3. Describe the characteristics of PN junction. Explain the meaning of 
(a) reverse bias, (b) potential hill, (c) reverse current. 

4. Explain the difference between intrinsic and impurity semicondutor. Des¬ 
cribe the manner in which the electrical conductivity of impurity in a 
semiconductor varies with temperature for different amounts of impurity 
contents. 
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5. Draw a typical current/voltage characteristics curve for a p-n junction 
diode and explain qualitatively its main features. 

6. Describe the mechanism of rectification at a p-n junction. What factors 
determine the reverse current in such a rectifier ? 

7. Explain what is meant by mobility of a charge carrier in a solid. Derive 
an expression for the conductivity of a semiconductor containing both 
free electrons and holes in terras of the concentrations n and p and the 
mobilities and |x p . 

8. Describe the static characteristics of transistor for (a) collector current 
versus collector voltage for a constant value of emitter current, (b) col¬ 
lector current versus collector voltage for a constant value of base 
current. 

9. Explain the mechanism of current flow in a PNP and NPN transistors. 

10. Give a classification of semiconductor devices. How grown junction 
diodes and transistors arc manufactured ? 

11. Describe in detail the manufacture of fused junction diodes and tran¬ 
sistors. 

12. Compare the performance of a transistor with a vacuum triode. 

13. Describe briefly the principle of a field effect transistor and compare its 
performance with a junction transistor. 

14. Write short notes on MOSFET. 

15. Write short notes on (i) point contact diode and transistors, (ii) tunnel 
diode, (iih field effect transistors and uni-junction transistor. 

16. Explain the effect of temperature upon the reverse saturation current in 
germanium and silicon junction diodes. 

17. (a) Sketch and explain the different current components of PNP tran¬ 
sistor. (b) Explain : (i) Early effect, (ii) Punch effect, and (iii) Break¬ 
down. 

18. What is meant by doping a semiconductor ? What basic properties 
must these doping elements possess to make a pure semiconductor a 
P-typc or N- type ? Explain the physical principles involved. 

19. What do you understand by the term "doping'* of a semiconductor 
material ? With the help of energy band diagram, show how doping 
changes the conductivity of an intrinsic semiconductor ? 

20. Write short note on Gunn effect. 

21. What are DIAC and TRIAC ? Discuss their characteristics. 

22. Determine the forward current for a germanium diode at room tempera¬ 
ture of 22°C when the voltage across it is 0 3 volt, and compare with the 
current when the temperature rises 50°C. The diode has a reverse 
saturation current of 1 pA at 22°C. 

23. Calculate and plot the volts ampere characteristic of an ideal germa¬ 
nium diode at room temperature (300K). The reverse saturation current 
is I0(x A. Assume the input voltage in the range of —0*5 to +0 5 volt. 
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ELECTRON EMISSION 


The passage of electrons from a metal into a gas or vacuum 
is called electron emission. The mechanism of electron emission 
is classified into the following categories : 

(1) Thermionic Emission. When energy applied to the con¬ 
ductor to emit electrons is in the form of heat energy, the process 
is called thermionic emission. 

(2) Photoelectric Emission. When the energy applied to the 
metal is in the form of light energy, the process of electron 
emission is known as photoelectric emission. 

(3) Secondary Emission. If a fast moving electron collides 
with the surface of the metal then the emission of electrons takes 
place. This is known as secondary emission. 

(4) Field Emission. If the electrons are emitted from the 
surface of metal by maintaining a certain amount of electrostatic 
field between the two plates of a vacuum tube then emission is 
known as field emission. 

For the study of emission process we shall first consider the 
structure of a crystal. 

7 0. CRYSTAL STRUCTURE : 


Whatever may be the method of application of energy to the 
crystal or metal, the electron in the crystal requires certain amount 
of energy to escape from the surface of the metal, known as 
potential barrier, and so it is necessary to study the structure of 
crystal. 


A metal consists of a conglomeration of crystals. Every 
crystal consists of atoms which are held in position by mutual 
forces, forming a regular pattern. Each atom consists of a nucleus 
surrounded by a number of electrons which move in various orbits. 
1 he electrons in the outermost orbit are called valency electrons, 
on which chemical behaviour of the atom depends. In a metal, 
since the atoms are very densely packed in any crystal, the valency 
electrons move freely from one atom to another in a random way. 
f becn found ‘bat ,0 ” electrons/c.c. are free to move in this 
- Wh j D an e,ectric field is applied, the electrons 
definlte . dlrec,lon depending upon the direction of 
field and thus constitute an electric current. Due to the heavy 

th DC ^ trat, r n °/ freC e, . ectrons ’ average velocity of electrons is of 
the order of a few centimeters per second 
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date two electrons. After K shell, L shell comes which can 
accommodate eight electrons and in this way the other shells 
allow. The outermost shell is not often filled which consists of 
valence electrons. In between the atoms, highest potential energy 
levels are lowered due to combined effect of these several nuclei. 


Z£*0 OF POTENTIAL ENER6i\ 


METAL BOUNDARY 


P.E.Of 


.A/VWVl f\ AM " 


Fig. 1. (c) Potential energy of an electron along a line through a 
number of nuclei in a metal. 

This allows some of the valence electrons to jump from their 
original nucleus. These electrons are called free electrons. The 
electrons having energy much less than the top of potential energy 
humps cannot leave their parent nucleus. Such electrons are called 
bound electrons. 

7 2. SURFACE BARRIER : 

The atoms in a metal are arranged in a particular geometrical 
from called space lattice structure. The valence electrons are free 
to move inside the metal but they are not allowed to leave the 
metal. When the electrons are detached from their parent atoms, 
the atoms acquire positive charges. The behaviour of electrons in 
two dimensions is shown in fig. 2. The removal of these electrons 
from the surface of the solid into the space is known as electron 
emission. 

Let us consider a free electron 
in the position C or B in the in¬ 
terior of the metal. This electron 
is attracted by the surrounding 
positive ions and as the ions are 
symmetrically placed with respect 
to the electron, there will be no 
resultant force on the electron. 

This is true only for specific posi¬ 
tions of electron and not for all F 'S- 2. Showing the arrangement of 
positions. When this electronmoves at oms of a metal in two dimensions, 
inside the metal, it is acted upon by balanced and unbalanced forces 
at different instants, of course, the unbalancing forces are not too 
much Now consider the electron A at the surface of the metal. 
Inis electron is attracted by downward forces and hence it can 
not go away from the surface. In this way we can say that as 
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... .,, F . , F 

dN=N(E)dE=^ ^ (E _ bf) ikT) 


] 


of 


where £=kinetic energy of an electron, 
£ /= Ferrai level of energy, 

#(£)=number of electrons per unit 
volume per unit change 
energy. 

w = roass of electron, 

/;=Planck constant, 
r=absolute temperature 
electrons, 

k =Boltzmann’s constant 
When this is expressed in velocity 
range v and v+dv, it has the form 
ZnmhPdv 





of the 


Fig. 4. Distribution 
function for K.E. of 
elements in a space of 

uniform potential. 


dN: 


h> [\- e (E ~ Ef)lkT ] 
2 {mth? 4771.* dv 


x+e (E-E,)!kT 

The total area under the curve is equal to the total number 
of free electrons in the unit volume of the metal. 

At 7=0, Ef called the Fermi energy is greatest energy posse¬ 
ssed by the electron and all states below Ef are filled, while all 
above Ef arc vacant. The value of Ef is given by 

2/3 

Joules, 


L r /i 2 /3w V 

£/ "*sr?) 


where n is equal to the number of electrons per unit volume. 

The Fermi level varies with temperature but the variation is 
very small and Fermi equation holds good over a wide range of 
temperatures below the melting point of metals. 

The quantity N (£) dE represents the number of electrons in 
ajunit volume having kinetic energies between the limits £ and 
£+'/£• The function N (£) represents the number of electrons 
per unit volume per unit change of energy. Again the number of 
electrons in kinetic energy range d£ is equal to N (E)xAE. 

Thus according to Fermi-Dirac statistics, the electrons moving 
in a field free space have kinetic energies because of the velocities 
associated with their temperature and so distribution of energy 
among them. Even at absolute zero, the energy of the electron is 
not zero. At absolute zero, the maximum energy is Ef. At higher 
temperature, more heat energy is stored in the electrons and their 
average kinetic energy is increased. Some electrons attain energies 
even greater than Ef as shown in the curve at 1500 0 /:. 
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Now to have clear conception 
of the escape of the electrons 
from the metal, we shall plot 
together the fig. 5 (< b) and fig. 1 
(c), the latter figure gives the 
space distribution of the potential 
energy of electron in a metal or 
near the surface of a metal. To 
make this combination, a refe¬ 
rence level of energy in the two 
concepts must be found. We 
know that at absolute zero all the 
energy levels in the band of 
valence electrons below a certain 
level are occupied while all higher 
levels are unoccupied which is 
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Fig. 5 (b). Distribution function 


the same as discussed above in for x-associatcd energy. 

Fermi-Dirac distribution that all states below £/ are filled while all 
states above E f are vacant. The Fermi level of Fermi-Dirac distri¬ 
bution coincides with highest occupied level in band of allowed 
energies occupied by valence electrons and accordingly, we align 
the diagrams 5 ( b ) and 1 (c) as shown in fig. 5 (c). 



F'g. 5 (c). Energy level of P.E. and K.E., illustrating work function. 

The energy difference between zero level of K.E. and potential 
barrier of the metal is called the surface energy E a . The energy 
between zero level of K.E. and Fermi level is known as energy Ef. 
In order that an electron may escape from metal, it must have 
energy equal to E a or greater than E a . The difference of energy 
(t a Ef) is called the work function of metal. It is a function of 
temperature although to a very small extent. 

Therefore, an electron can be emitted from the metal only 
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(//) the work done against the pressure p of electron cloud 
which will be pV. 

First in his early derivation of T 1 ^ relation, he assumed that 
the electrons in vapour phase (i.e. in free space cloud) behave as 
perfect gas particles; that is, he ignored the repulsive force bet¬ 
ween electrons in cloud due to their negative charges and purely 
applied the concepts of kinetic theory. 

Therefore pV=RT, i.e., perfect gas equation, where R is gas 
constant per gram molecule, was applied in the derivation. 

Energy W can be written as 
1V=N++pV 

=N<t>+RT=Nf+NkT, ...(2) 

where k is Boltzmann constant. 

Thus equating (1) and (2), we get 

TV ±=N(ti-lcT). 


Since pV=NkT. V. 

Putting in above equation, we get 


NKi 


k dp^ i+kT 
dT "T*"" dT - 


Integrating the above equation, we get 

k. log, —(-constant, 

log, '+log, r+constant. 


•=Ai.T.e\ 


* 


dT 


••(3) 


p=At.T.el kT* 
where A, is a constant. 

^ Pet unit volume be 

■di e l~Fn dr . \tr- dT 
k e = A * e 1 r ...(4) 


n 


where A 2 is another constant. 

»• !, " are v '“ j 

im 0 v*=*kT 9 
3 kT 


_ 


m. 


unit ?e°a“ crossin 8 



Electron Emission 


28 ? 


Putting the value of v, 

„ 0= JL^L r^n.CT'r-, 

\/ (limit) 

where C is a constant. 

Putting the value of n from equation (4), we get 

\lFr d T- 

n 0 =Az e kT " Cr>« 

Assuming <f. to°be independent of temperature, we can write 
after integration 

n 0 =AT lli e-* lkT , 

where A=A<C= constant. 

The current density J of electron emission w.ll be 

J=„ tt e=AeT'"r** T =AJ"'e-*«‘ T , <- 6 > 

where An~Ae. a constant. , 

and thus the relation was descarded. 

Later on, Richardson and Dushman showed that 4> is a func 

tion of temperature given by 

^=^o+«* 7 '- o ' 

where is work function of metal at 0 °K. 

From (7) it is dear that they have assumed the non-existence 
From (!)' s „ hich is contrary to modern quantum consi- 


dT ,3 

km '2 


-fr + r to - r - 

Putting the exponential term value in equation (6), we get 
J=A t T'! t exp- £-(f>/*r)+jlog, rj 

= AJ "* txp.i-tolkTyni-^AJ* exp .(-fa/kT). 

When this expression was put to experimental test then it gave 
reliable values of work function. Dushman has shown that A 0 is 
^universal constant having a value of 120 4 amperes per square 
centimeter per degree Kelvin*. The discrepancies between exptri- 
mentaTand theoretical values of ^ 0 was explained by Dushman 
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on the basis of internal reflection of electrons from the surface of 
metal. 

Drawbacks of above method of derivation : 

(i) In the derivation it is assumed that the metal contains 
‘free’electrons which behave like the molecules of perfect gas, 
that is, the different forces between the electrons have been 
ignored. 

(ii) The classical theory fails to differentiate in forms of for¬ 
mulae (6) and (8) because : 

(a) it is not easy to measure the high temperature accurately 
at which electron emission takes place ; 

(b) as the exponential term has a greater influence than 
other terms depending upon T, therefore a suitable adjustment of 
constants will fit both the formulae (6) and (8) to the experimental 

(c) if we ignore the assumption made i.e. t 4>=4> 9 +ikT t then 
r s formula will result in T'l* formula. The assumption made is, 
however, not suitable. 

Thus the thermodynamical derivation is not adopted these 
days. Thermionic emission is best explaigcd by Fermi-Dirac- 
statistics in which the concepts of Fermi energy and Fermi band 
explain the condition of emission. 

7 ’ 5 ‘ RICHARDSON EQUATION BY 

FERMI DIRAC STATISTICS : 

°u clc ? ron emission from metal, it was 
fi C K° |U k J a ° n y those free c ^ ectr °ns will escape from the 

iS’Sif “ £ -" 8r “" ,h “ wh " e 

.ip^^, CCOrdin8 th ^ Fcrm '- D '''ac distribution, the number of 
fp+dp) is P UDIt V ° Ume ly ' D8 bctween momei >tum space p and 

8 "P'dp 


As p=nu- t dp=m dv t we get 


4?re> 2 do 


dN= 


e (£-E,):kT 


■£SSS‘~S=~S ! ~ 

4nv- du=dv x dv y do. 


Therefore, dN- 




dv x dv y dv- 
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Solving this integral, we get 




4 *».** „ -(E„-E,)lkT 
A* 1 - e 



Therefore saturation emission current density per unit area 


Js=e.n x 

J^rrmekf ^-{Ea-EftlkT 


Putting and e<t>=(E a —Ef) t 


h 2 

<£=work function^ 


(E a -E f ) 


Js=AT* er'* kT 

Equation (4) can also be written as 

Js=AT* <r‘/ T where b= (E "r- - 



The equation (4) is known as Richardson-Dushman equation. 
Dushman has shown that A is constant for different metals and 
theoretically substituting the values of m, k, e , h y we get /I = 120 4 
amperes/sq. cm./dcgrce Kelvin 2 . The value of work function varies 
from metal to metal. 

7*6. EXPERIMENTAL VERIFICATION : 

The value of constant can be calculated easily by putting the 
equation in the form 


Js 

T i 


Ae~ e +i kT 9 


l°g, j|=I°g f >4 —~=1 og, A~y 


fHint: J*° 


e dx=^/n 


• [ + ~ e~W kT 

To evaluate 
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7*8. PRACTICAL EMITTERS : 

They are of the two types : 

(A) directly heated emitters, and 

( B) indirectly heated emitters. 

We shall first discuss the advantages and disadvantages of both 
the types as follows : 

Disadvantages of the directly heated emitters : When alter¬ 
nating current is used to heat the emitter then the following defects 
arise : 

(/) When alternating current flows in the filament, then an 
electrostatic field will be produced around the filament which 
affects the emission of electrons depending upon the periodicity of 
alternating current and this results in alternating component of 
plate current. 

(if) Due to direct heating, the surface of filament is no more 
equipotential. The unequal distribution of potential also affects 
the amount of electron emission from different portions of the 
filament and thus it also produces a.c. component of plate current 
i.e. hum is produced. 

Due to above two drawbacks, directly heated emitters are not 
preferred in receiving sets. 

The advantages of indirectly heated emitters : 


(/) Higher emission efficiency is obtained by the use of oxide- 
coated emitters. The emission efficiency is defined as the ratio of 
emission current to the power consumed in heating. 

0’/) Hum, due to supply frequency component of plate 
current, is very much reduced. 

07/) Because heater element is insulated from the emitter, 
therefore a single a.c. source can be used to heat different cathodes 
at different potentials. 

(A) Directly Heated Emitters : 

(i) Tungsten Emitters : For pure tungsten emitter, 

/i = 602x 10 4 ampcrcs/sq. meter/ 

A:=52400/0 

, •>nn1' ission efficienc y is 200 mA./watt at 2400A'and 4-2 mA/watt 
at 200 a . 

The emission efficiency of pure tungsten emitter is small as 
compared with oxide-coated and thoriated tungsten emitter or in 
other words tungsten has relatively high work function. 

thatlt^^K 0 advanta ? e of hav, . n 8 Pure tungsten as emitter is 
2600A: and 2800A' lratCd ** * sufric,entI y hi 8 h temperature between 

prepared bvadffintl 0 ^ 8 ^ 0 : A thonaled tungsten filament is 
> g a small amount of thorium oxide to the tung- 
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7 10. PHOTOELECTRIC EMISSION : 


The process in which the energy required to emit an electron 
from the metal is supplied by means of light is known as photo¬ 
electric emission. 

According to quantum theory, one quantum of light, called a 
‘photon’, has energy equal to /iv where h is Planck’s constant and 
v is frequency of light radiation. When a photon strikes the metal 
surface, then some portion of energy /jv is supplied to the electron 
to cross over the barrier. 


There are certain laws of photo-electric emission. For photo¬ 
electric emission, it is essential that the frequency of impinging 
light must exceed the ‘threshold frequency* which depends upon 
the work function <f> of the surface or, in other words, 

/jv ^ e<f> 

or V,= 7T w ^ ere v ' ,s threshold frequency. 


The amount of photo-electric emission depends upon the 
intensity of light radiation falling on the surface. Alkali metals 
have low work functions and hence are used as common photo¬ 
tube emitters as discussed in chapter 5. 


7 11. SECONDARY EMISSION : 


Secondary emission takes place when high velocity electrons 
strike the metal surface. In this impact, they deliver sufficient 
energy to some of the electrons within the metal to enable them 
to cross over the barrier. 

The number of secondary electrons emitted per primary elec¬ 
tron is called secondary emission ratio. This depends upon the 
following factors: 

(/) material of the target, 

00 energy of incident particle, 

{in) type of incident particle, and 

{iv) the angle at which the target is struck. 

The secondary emission ratio increases with velocity of inci¬ 
dent electron and hence with the energy but it falls when kinetic 
energy is too large. 


Experimental study of secondary emission : 

When a moving particle strikes a solid surface, it enables tb 
electron in the solid to escape through the potential energy barric 
at tne surface. This process is known as secondary emission. Tb 

sh P ow r ™ntgrr( e r enl f ° r ,hCSt “ dy ° fSCCOndary emiSSi ° n 

is di^cted m fr° f pn f ary clcc,r °ns having energy E, electron vol 
be studiedf 0 fO l e 'f r0n gun towards target of the material t 
^condar> emission. The secondary electrons emitte 
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Fig. 6. (a) Measurement of secondary electron emission. 

from the target are drawn to the collector by a voltage E t . 
The secondary electrons produce a current /*. f is the current 
due to the primary electrons. The secondary emission ratio is 
defined as 


I 2 No. of s econdary electrons 
7j = No. of primary electrons 

Thus the number of secondary electrons emitted per primary 
electron is defined as secondary emission ratio. This ratio depends 
upon the target material, and its surface conditions and the type 
of primary particle, its energy, and the angle of incidence at the 
target. 

Using different metals, the experiment is repeated and a graph 



tMev —* 


Fig. 6. (b) Secondary emission ratio as a function of energy 
of the primary electrons for various surfaces. 
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is drawn between emission ratio and energy of primary electrons 
fig. 6 (b). From the figure it is observed that for pure metallic 
surfaces, the value of secondary emission ratio is less than two. 
For alloys and composite surface it is as high as 10. In this case 
the emitter with thin coating of cesium and cesium oxide on silver 
base has the highest value of secondary emission ratio. 

712. FIELD EMISSION : 

When the energy applied for electron emission is in the form 
of electrostatic energy, the process is known as field emission. 

The emission is explained due to two effects : 

(1) Schottky Effect: It will be discussed in article T 13 that 
for low anode voltages and high temperatures, the current in a 
diode is space-charged limited, since at such voltages anode is not 
able to draw whole of the electrons emitted from cathode but some 
of them return to the cathode and thus set up a negative gradient 
on it. If however, the voltage is increased, this negative gradient 
decreases and with suitable voltage value, the current becomes 
temperature limited as discussed in articles 7*3 and 7*4. But it is 
seen that even in the temperature limited region, current from a 
thermionic emitter never truly saturates and its value increases 
with anode potential. The effect is called Schottky effect. The rea¬ 
son is quite obvious. When the valve operates under temperature- 
limited current condition, then space charge is not dense enough 
to make the electric field zero at the cathode; but, on the other 
hand if anode potential is high, a rising potential gradient would 
exist at the cathode which tends to draw electrons from it (hence 
field emission). Such a gradient alters the potential energy barrier 
at the surface. We shall, therefore, in order to account for Schottky 
effect, calculate the decrease in work function due to the alteration 
in potential barrier height (or energy). 

The force acting on an electron, when it is removed from metal 
surface by a distance large compared with the spacing of the 
atoms in the crystal lattice, can 
be calculated by assuming metal 
surface to be a conducting plane 
surface. The force, so accounted, 
very well explains the shape of 
the potential energy curve at the 
right of figure 1 (c) except in a 
region close to the metal 
boundary. 

Now the forces between an 
electron, charge e* and plane 
conducting surface (since metal 
surface is assumed to be so) can 
be computed by assuming an 
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In fig. 8, curve 1 represents the potential energy barrier 
which exists in the absence of an external field, while curve 2 
shows the potential energy barrier, modified by the presence of 
external field. It is obvious that the height of the potential barrier 
is reduced which clearly means that less work is done due to the 
presence of an external field in removing an electron from the 
metal, i.e. value of work function is reduced. 

We shall calculate the reduction in work done in two parts : 
First reduction in work done in taking an electron from inside the 
metal to the point x c . This can be calculated as follows : 

Over small distances x e from the cathode to the crest of the 
barrier (point x c ), we can take £ to be constant, i.e., force e{ to be 
constant. The inward force is reduced by an amount e{ and hence 
the reduction in work, required to bring an electron from inside 
the metal to point x c , will be 

efrr 

Secondly, since at x c electron is quite free to escape, the com¬ 
plete work done by the external field from point x c to co (escape) 
will be the net reduction in the work necessary to move an electron 
out from the critical point. The reduction for this case, in the 
work done is, therefore, 

T * dx~ * 

)x c 16wc©x* ' 16*^ 


The total reduction in the work done due to the presence of 
an external field, is obviously the total reduction in kinetic energy 
for the escape of an electron from the metal, i.e. 


E. E a '=etx e +^-—. 

where E a is the height of potential barrier in the absence of an 
external field and E a ' is the height in the presence of the field. 
Putting the value of x c in above expression, we get 

-m 

The kinetic energy of the electron, within the metal, is un¬ 
affected by the external field. Therefore, the Fermi energy E f which 
depends upon the kinetic energy of electrons remains unaffected 
and hence the decrease in the height of potential barrier should 
directly represent the decrease in the function (since the common 
reference level Ej is unchanged) i.e. 


decrease in work functions A4>=e.J^^y 

The expression shows that the decrease in work function is 
directly proportional to the square root of external electric field 
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in the form 


or 


or 


or 


(/$)/=Js.e 
log, (/$)/=log. Is 


o) 


tL l(L\ 

' 2kT\J {vto) 


- « » -i 

2’3026.1ogio (/i)/=2-3026.log 10 


logio (Is)/ 


Is, 


2'3026‘2kT v x ... w/ 
which is of the form y=mx+c, representing a straight line. There¬ 
fore if a graph in log 10 (Is)/ and »s plotted, a straight line will 
be obtained with slope of 


e 3/2 


1 


4-6052*7 ' V(™o) 
and an intercept on the 
logio (/s)/ axis of log 10 /s. 
From the intercept value, 
Is, can be computed. 

The value of (Is)/ 
depends upon the cathode 
temperature T as shown by 
the expression. 

(%=/, 0 ' 44 ^ 
but it was found experi¬ 
mentally that even at low 
temperatures, sufficient cur¬ 
rent can be drawn with high 
explained by Schottky effect. 
(2) Cold Cathode Effect 



field 


Fig. 9. 

application which cannot be 


_-This effect accounts for the above 

experimental fact. Cold Cathode effect deals with the wave nature 
o! electrons. Then some of the arriving electrons are reflected 
back, while others are liberated. 

In the absence of electric field, the barrier extends to infinity 
but when electric field is applied then height of potential barrier 
L TTV ^L the . limc ’ lhc e,cctrons having energy slightly less 
f r entlal barr ' c ' penetrate it. This number increases 
with the increase of field without raising temperature. Thus this 
type ot emission is almost independent of temperature. The 
relation of Schottky was modified as F 


where 


ll=Af?e bfl( , 

//■-^density of field emission current, 
6/->constant of metal, 

^/-►constant coefficient, 
f-»electric field intensity at cathode surface. 
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from the cathode at a greater rate than they are collected by the 
plate. Thus the emission rate depends upon Richardson’s law but 
the collection rate depends on the acceleration of electric field due 
to the plate potential. Consequently, electrons form a cloud of 
negative charge near the cathode called the space charge region. 
This negative space charge, which reduces the attraction of positive 
plate on the electrons just leaving cathode, repels these electrons 
(leaving the cathode) so that some of the electrons depending upon 
the density of the space charge are returned to the cathode instead 
of reaching the plate. At negative plate potential the density of 
space charge region is very much increased due to which all the 
electrons, emitted from cathode, are returned to the latter and the 
density of space charge decreases due to which more and more 
electrons approach the plate until at the saturation plate potential 
all the electrons are attracted by the plate as soon as they are 
emitted and hence a saturation current flows in the plate diode. 
Therefore OX portion of the curve is same at the same plate 
potential whatever be the temperature. It is supposed that the 
electrons that are emitted from the cathode have zero initial 
velocities. 


<o 


The density of the electrons and the potential at any point in 
the inter electrode space are related by the Poisson’s equation 

d 2 V 

dx' = 

where V is potential in volts, 

? is the magnitude of the 
electrode charge density, 
and c 0 is permittivity, of 
free space. 

at which 

ie. p=0, 


^ - 


At temperature T 
there is no emission, 
then 


d 2 V „ 
dx* ~~ 0, 

Integrating twice, we eel 
V=ax+b, 

where a and b are arbitrary 
constants which arc to be deter¬ 
mined by boundary conditions 
i.e. 

y=o 
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CA7//00£ PIATE ' 

Fig. 12. Potential distribution 
curves of a parallel 
plate electrode, 
(potential of cathodc=0) 


(/) when *=0, 

(//) when x=d, V= V p (potential of the plate= V p ) 
Applying these conditions, (distance between 
wehave cathode and plate=r/) 

b =0 and a=~- 
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— at cathode will be negative represented by a curve correspond¬ 
ing to T" temperature. This condition exists momentarily, because 
dV 

is now negative which will exert a repeling force on all elec¬ 
trons tending to be emitted from the cathode with the result that 
these excess electrons re-enter the cathode and then 

(£L-° 

condition is reached which is almost stable stage for all tempera¬ 
tures near or greater than T". 

The condition =0 is valid under the assumption of 

zero initial velocities of emission of electrons. 

7*14-1. CHILD-LANGMUIR LAW FOR PLANE PARALLEL 
ELECTRODES 

The equation relating the anode current with anode voltage 
for plane parallel electrodes, under space charge limited condition, 
was first derived by Child in 1911. Later on, in 1913, the analysis 
was extended to cylindrical electrodes by Langmuir. 

Derivation : Let us consider two plane parallel electrodes of 
diode. For this derivation wc make certain assumptions : 

(0 The spacing between cathode and plate which are plane 
parallel plates is small such that the electrostatic field between 
them is uniform and normal to the electrode surface. 

(//) The surfaces of anode and cathode are equipotential. If 
we take cathode as the plane then there is no variation of 
potential in y and r directions and electron moves parallel to the 
axis of x. 

(iii) Electrons have zero initial velocity after emission from 
cathode. 

(/V) The cathode provides an infinite supply of electrons. 

fi HH ( a V ?,J h tr, he . CUrrentiss P ace char « e limi,e<J . lhc electric 
held at the cathode is zero. 

The distribution of potential isgoverned by Poisson’s equation 


d ' v .dJV_,<PV_ „* 
dx- dy 2 T dz 2 7; 

p " c “ bit m '“ 

Thertfore SCnbed earl ‘ er ’ ' he P otcntial varies only in ^-direction. 


d-V d 2 V 


Electron Emission 
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Fig. 13. A plane parallel diode. 

Now we can write the Poisson’s equation as 
d'V = _ P 

llX 1 € 0 

We know the following facts : 

(a) The velocity v of an electron at any point of potential 1 
is related by 

where e=charge on electron= I6x 10- 19 coulomb, 
m = mass of electron. 

V is plate-cathode potential difference. 

(b) The current density due to the flow of electrons may be 
calculated by the rate at which electrons move through unit area 
of cross section per second in the direction of electric field. Let 

t,=velocity of electrons in metre per sec., 
e=charge on an electron in coulombs. 

N=electron density per cubic metre. 

Then the current density per ampere square metre is given by 
J=Nev ...(2) 

We know that space charge is due to negatively charged 

electrons; therefore p=—Ne. 

Putting above value of space charge density, the Poisson s 
equation becomes 

d'-V P Ne 

d*=-7r ,r - (3) 

From (2), we have Ne=J/v , 
d-V J 
dx l ~e 0 v 

From (1), we sec that 

II 2eV\ 


...(4) 
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-.(5) 


dV 


0 , 


Putting in equation (4), we have 
d*V J I/ m \ 

For integration of eq. (5), we multiply each side 
dV d*V J l(m\ v . llt _dV 

i.Lm'J- IfcYv-'i'-- 

2 dx\dx) fosJ\2e) dx 

ffi 

Integrating it we get 

where C x is constant of integration. 

But dV/dx=0 when K=0 since both vanish at x 

C x =0. 

(dVldx)'=4JI< 0 .y/(ml2e). V'i\ 
(dV/dx)=2.{JI< 0 VW2e)Yl* V'l\ 

V -»/« dV=2.{J/€ 0 .V(m/2e)} 1 ' i dx. 

Again integrating, 

-}P/««2{7/c 0 V(m/2e)}>/*.x+C a . 

At x=0, V=0, therefore C a =0. 

/. V'i'=\{JM(ml2e))W x. 

Squaring, we get 

V'i'=*{JM(m!2e)).x*. 

At anode, i.e. x=x a . 

V=Vo 

V<? lt =\{JI<*-T/(ml2e))x a '. 

From (7), we find for current density, the expression 

^=4c 0 /9V(2e/nt).K a */*/x tf *. ...(8) 

This is Child-Langmuir equation for plane parallel electrodes. 
In order to obtain the total space current we multiply the 
above equation by the cross-section 5 of the electron stream, so 
7= SJ= S.4e 0 /9 V(2e/m). V a V^ Xfl \ .. .(9) 

For a given electrode system, 

7 cc V a W. 

The relation (9) is also called the three halves power law. 

since Th < C -R^ a , n n-n Ct f 0r °T et l uations (») and (9) can be calculated 
kSogramT 8 * 5 ' ° farad,metre - and f/m=8-66.10» coulombs/ 


...( 6 ) 


...(7) 
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Current density at any radial distance r is given by 
j(r)=pv. 

Since the current density varies with radial distance, it is 
more convenient to express the space charge density interms ot 
total current per unit length of axis. That is 

j=2 nrJ(r) 

= 2nrpv> —M) 

where / is the total current passing at right angles through an 
imaginary cylinder of length / and radius r 








Anodt 
Co ft sc* 


Fig. 15. Cylindrical electrodes of diode. 
Putting these values of p from (4) in (1), we get 

\_d_l dV\ I 1 
r dr \ r dr ) 


From (2), 


irrvl <o 


-m 

d 2 V dV_ J_ II m \ 
r dr 2 dr ~2nY 0 J\2eV)' 
d'-V 1 dV_J_ II m\ 
dr 2 + r dr ~~ € 0 J\ 2 evj 


...(5) 


Putting K*K a r 5 /*, the above equation can be solved to give 

W IIIe\ W 

9 J\m) r a ’ 

where V a =anode potential 
r fl =anode radius, 

...( 6 ) 




that 


^ \ ~ ' « 

We know from the analysis of the plane parallel electrodes 
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Values of p 2 have been calculated by Langmuir by means of 
series for p. In fig. 16, values of p 2 are plotted against r/r*. 

It is seen that for ratio — > 7, the value of p 2 differs from 1 

fk 

by less than 10 percent and thus for this case the equation (7) can 
be adopted. 

NUMERICAL EXAMPLES 


1. (/) Calculate the velocity of the emerging photo electrons 
when a light of wavelength 4000A falls upon a surface of potassium 
with work function 2 5 eV. 

(//) What is the threshold wavelength in the above case ? 

(0 A=4000A, /. Frequency of radiation, ^= 4 ^^ 


=7 - 5x 10 14 c/s or Hz. 

From Einstein’s equation 
//v=e«£+$/m> 2 

where /;=Planck’s constant=6’62 x 10“ 34 joules, sec. 

m=mass of the electron=9*l 1 x 10 -S1 kg. 
r=vcIocity of photo-electrons in m/sec. 
e=charge of electron =1 60 x 10" 19 coulombs. 
Now \mv 2 =fa—e <f> 

= 6-62x I0" 34 x 7 5x 10 14 —L60x 10 _, 9 x2*5 
=49'6x 10" 20 —4x 10" 19 
=(4 96—4)x 10 " 19 


2(496-4) xlO - 19 2x0-96 


9-llxlO- 3 ' 


9-11 


XlO 12 


M) 


X 10 6 = 0 446x10® m/sec. 


00 The threshold frequency 
e<f> » 

v o=y cjs. 


Threshold wavelength A 0 =—meters. 

v 0 e<t> 

3x 10® x 6-62 xlO- 34 12-4xl0" 7 
1*60 xl0-“x 2-5 = Ts meter 
12*4x 10- 7 x . 

“ 2-5x10-^ *-4960A. 

c y} indri ™ 1 oxide-coated emitter is 2’5 cm long one 

h F e 7' 5 l i0n COns,ant A ° =0 ' 01 x 1Qi ampIm'K 
^o/ 11960K. Find the current at temperature 1000K. 

is givenby 108 '° Rlchardson ’ s equation, emission current densit; 
J==A *T 2 CX P- (—4>ofkT) 
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For the other emitter, 

I S =AT* er*-** 7 

since b is proportional to work function. 

Hence, ^= e -(»-«-»)/r =e o-«/r 
For tungsten 6=52400 degree Kelvin. 

Hence log,^-2400“ = 8 733 

|i’=6194. 

ls x 

5. A tungsten emitter operates at 2400 degree Kelvin . If the 
emission current density is to be reduced by 25%, what should be 
the change in work function expressed in electron volts . 

Let Is l be the emission current density corresponding to 
constant 6, in Richardson's equation, and Is t , the emission 
current density corresponding to constant b%, then 

-bJT 


and 


or 


ls x =AT*e 

Is t =A-ne~ b 'l T 

Is, e~ b,IT _-bJT..+bJT (bt—bi)IT m 
tsTr^r xe 

According to the problem 

Is.= 0-75 /c. 


^!=0-75 or ^!= — 
ls x Is t 0-75 

From equations (I) and (2), 

e ^-b,VTj_ 

~0-75 *"• 


...( 2 ) 


or 




=log, (1-33). 


(3) 


. ,, We ^ now that the constant b is related to the work function 
by the relation 

b-hziL 

/f 

If ^ is the voltage equivalent of work function, then 

b ~~ °k ~ = F degree Kelvin - 
where charge on an electron in coulombs, 
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1 15\ 3 ' 2 

^1=10 ° (t) 

= 100 x 2 58=258 milliamperes. 


For K„=200 volts. 

I^=K ( 200) 3 -. 

For equations (3) and (1), we have 

W200_\ ,;t 

100 "l‘80/ * 


...(3) 


.lOO^)’" =,00x3,5 


=395 milliamperes. 

8 . In a vacuum diode , the plate is a circular cylinder of length 
12 cm. and diameter 20 cm. A t the axis of the cylindrical plane is 
the tungsten filament at a temperature of 2400 degree Kelvin and it 
is 12 cm. long and has a diameter of 0 04 cm. Find. 

(i) saturation current , 

(//) plate voltage required to produce a space charge limited 
current equal to one third of the saturation current. 

Given that Q? for ratio of plate to cathode diameter of 50 is r09 

Js=AT 2 e’ h ' T 

= 60-2 x 10 4 x (2400) 2 x <r M4 ooo/*«°° 

= 1096 ampercs/sq. metre. 

Cathode surface =2irr k l 

= 2tt x 0 02 x 1 O' 2 x 12 x 10- 2 square metre 
=0*487r 10- 4 square metres. 

Therefore emission current 

= 1096x0’487rx 10“ 4 amperes 
=0 1652 ampere. 

The space-charge limited current required is 
= J x 1652 amperes. 

Js—0 055 ampere. 


But 


1 V 

*«14-68.10-*.i.. -gr. 

r 1*0 

/= 12 cm., £-=109, since y=^j 


50 


Putting the values, 


1 o I/ 3,2 

0*055= 14*68.10 -8 ~ a 


V*r-. 


10 

1 09x0055 


1*09* 

=0*309*I0 3 =309, 


14-68.10-M2 
V„=45 7 volts. 

9. In a high vacuum diode , the oxide coated thermionic emitter 
operates at 1000 degree Kelvin. The values of constant A and B in 
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4. Give thermodynamical derivation of the Richardson equation. What 
are the drawbacks of the derivation ? 

5. Give the mathematical derivation of the Richardson equation by Fermi- 
Dirac Statistics. 

6. What are the different types of emitters? Give the advantages of 
indirectly heated emitters over directly heated emitters. 

7. What do you mean by space-charge and temperature limited currents ? 

8. For a plane parallel electrode, under space-charge limited condition 
derive the equation relating the anode current with anode voltage. 

9. Describe Child-Langmuir's equation for space charge limited current. 
Discuss its applications to vacuum tubes. 

10. Describe an experiment to determine the work function of the emitter 
(pure metal) of a vacuum tube. 

11. At 2400°K a tungsten filament is observed to increase its emission 
periodically by amounts upto 5%. What change in value of work 
function is required to explain this change ? 

12. A Hash of light from the ultraviolet line of mercury at 2537A. lasting 
01 second strikes a sodium surface of F5 cm*, n photo tube. The 
surface has a work function of 19V, and the light has a power density 
of0-5W/cm : . If half the photons cause the emission of an electron, 
find the current during the flash. 

13. Two diodes each have an anode 4 millimeters, in diameter and 2 centi¬ 
meters long, but one of them has a filament 0’1 millimetre in diameter, 
while the other has an indirectly heated cathode 1*5 millimeters in 
diameter. Compare the space currents flowing in each when anode 
potential is 25 volts. (Neglect edge effects). 

14. Find the ratio of emission currents for following emitters : 

(u) Tungsten emitter; emitting surface = 2 sq. cm. ; 4=602x10* 
amperes/sq. metre/degrec K’; b «52400 deg. K and temperature 
T= 26000 deg. K. 

(/>) Thoriated tungsten emitting surfaced sq.cm.; 4=3x10* 
ampercs/sq. metre/deg. K», 6 = 30000 degree K. Temperature 

T= 1800 degree K. 

15. A vacuum diode has 0-8 inch diameter tungsten filament of 3 inches 
length. The temperature of the filament is adjusted to 2400 degree K. 

ssummg typical values of constants in Richardson’s equation, calcu¬ 
late the emission curtent. Space charge limited current is 100 mA. with 

^ La 8 a ° f 150 VOl,S * Find lhe p,atc currCDl wilh P ,alc voltage 
of j 00 and 600 volts and state whether these currents arc temperature 
limited or space-charge limited. Find the valves of current for the 
above three plate voltages if the temperature of filament is raised to 
2450 degree K. 

16. What are the different ways by which electrons can be ejected from 
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RECTIFIERS AND POWER SUPPLY 


Alternating voltage is prefered for transmission and distri¬ 
bution means because of small losses and convenience. But for 
certain purposes, direct voltages are more useful. For such appli¬ 
cations, we have to convert alternating voltage into direct voltage 
which is generally done by means of simple and efficient device 
named as electronic rectifier. Some other types of rectifiers may 
also be used. 

By definition, rectifier is a device which converts alternating 
voltage or current into direct voltage or current due to a certain 
type of non-linearity of its characteristic. 

We shall discuss some of the following two classes of recti¬ 
fiers : 

Case /. Vacuum tube and semi-conductor diode Rectifiers : 

(A) Half wave vacuum tube and semi-conductor diode recti¬ 
fiers, 

(B) Full wave vacuum tube aud semi-conductor diode recti¬ 
fiers. 

Case II. Gas Diode Rectifiers : 

(A) Hot cathode gas diode rectifier, 

(B) Cold cathode gas diode rectifier. 

8 1. VACUUM TUBE AND SEMI-CONDUCTOR DIODE 
RECTIFIERS : 

A half wave rectifier conducts during one half cycle of the 
applied voltage while in full wave rectifier, the rectification is in 
operation for the full wave of the applied a.c. voltage. 

8*M. HALF WAVE RECTIFIER (Vacuum diode) : 

A basic circuit of half wave rectifier is shown in figure 1 (a). 
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Assuming the static curve to be linear, we can write 
ib= —\ „ sin a >t=I m sin tut, 0 < wt ^ n. 


rd+R 
4=0, 


7T < Uit < 2n. 


...( 2 ) 


where 


•m 


m r<+R 

D. C- Value of Current: The function of a rectifier is to 
produce direct current. The average value of a.c. is expressed by 
that steady current which transfers, across any circuit the same 
charge as is transferred by that a.c. In symmetrical a.c. (two half 
cycles are exactly similar), the average value over a complete cycle 
is zero. The average value is obtained by adding or integrating 
the instantaneous values of the current over half cycles. In unsym- 
metrical a.c., the average value is taken over the whole cycle. The 
average value of d.c. component is given by 

W- 5 J 0 /*» sin at 0,/M) J 
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Thus ,• 4 W’l 2 V<+*r 

The maximum voltage across the load is given by 
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The d.c. voltage across the load is given by 
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From above, we can calculate the r.m.s. value of the current 
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...(13) 


...(14) 


where /'=/—/«*. c . 
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Now we can write for the ripple factor as 

But as calculated before, 
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Since y > 1, it shows that: 

r.m.s. value of a.c. component of wave is greater than d.c. 

° r m ° the [ w f or , ds ,he r ‘PP |e Potential r.m.s. value 
exceeds the d.c. potential of the output which shows that without 

„ alf , vva ) ve rec ! ,fier,s P° or device for the conversion of a.c. 
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a.c. voltage which is to be rectified is applied to the input of a 
power transformer. The voltage developed across the secondary 
is available for rectification. So the transformer is used to provide 
the desired voltage into the rectifier. For high voltage d.c, power 
supplies, the transformer is obviously a step up transformer but 
for so many solid state equipment applications voltages of 
4, 5, 6...40 volts etc. are used and hence stepdown transformer is 
used, 

Let e t be the input voltage to the rectifier, which is given by 
et=E m sin tot .. (1) 

The current i in the diode or through the load resistance R L 
is given by 

i=I m sin cot for 0 < wt < n ...(2) 

and i=0 for w < a>/ < 2n. 

The peak current I m is given by 


Im 


...(3) 


R/+Rl 

where /?/=dynamic resistance of diode. 

The current / flowing through load resistance R L is unidirec¬ 
tional and its average value I d c . is given by 

<*- -< 4 > 

As no current is flowing during the interval n to 2n , hence 
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fin j 

ile = Im Sin cot d(<ot)= — 

JO IT 


-•(5) 


The value of I,i c can also be expressed as 


! " c= "(Rf + Ri.) V -(« 

DC output voltage : The dc output voltage appearing across 
will be 


Edc — he Rl 


Im Rl 


'm 
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...(7) 


by 


RMS current and voltage : The rms value of current is given 
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Rectifier efficiency : The rectifier efficiency is defined as the 
ratio of d.c. output power P Jc to the a.c. input power P,„. Hence 
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This expression shows that the percentage of ac in the output 
is 121% of the dc voltage. Thus half wave rectifier is not very 
successful in converting ac into dc. 

Regulation : By regulation we mean the variation of dc out¬ 
put voltage with change in dc load current. The percentage of 
regulation defined as 

Percentage regulation = ~"° xlOO ...(14) 

For an ideal power supply, the percentage of regulation should 
be zero i.e. 9 the output voltage should be independent of load 
current. 

For half wave rectifier, we have 

£j _ E m R L _E m r _ Rf_l 

n(Rf+Ri.) 7T L 1 R/+R l J 

= --I„cRf ...(15) 

7T 

This equation suggests that a half wave rectifier functions as if 
it were a constant voltage source E(=E m /ir) in series with internal 
resistance R f . Thus E de is equal to EJrr with no load (4/ c =0) 
and d.c. output voltage decreases linearly with the increase of d.c. 
output current I dc . 

81-3. FULL WAVE RECTIFIER (Vacuum diode) : 

F 'S- 3 (a) shows the circuit diagram of a full wave rectifier 
using vacuum diodes. There arc two diodes and a transformer 
wiin centre tapped secondary. The two cathodes are joined toge- 
mcr 10 rorm the positive of the d.c. output voltage across the load 



Fig. 3. (a) Circuit for full wave rectifier. 
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(6) Waveforms of applied a.c. voltages 
and output currents. 

Fig. 4. Full wave rectifier. 
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(iii) The output of half wave rectifier is low. Transfer effi¬ 
ciency is also low. 

(/v) since in half wave rectifier current flows through the 
secondary in the same direction, it saturates the core of transfor¬ 
mer which increases the hysteresis loss and produces harmonics 
in the secondary output. 


TABLE 



Full wave 

Half wave 

1 . Maximum efficiency 

81-2% 

40-6% 

2. Average or d.c. current 

2I„ In 

IJn 

3. R.M.S. current 

ImH 2 

1ml 2 

4. Ripple factor 

0-48 

1-21 

5. P.I.V. 

2 E m 

E m 


8 3. GAS DIODE RECTIFIERS (Hot Cathode). 

Gas diodes are also used in half wave and full wave rectifier 
circuits. 

8 3-1. HALF WAVE GAS DIODE RECTIFIERS : 

In fig. 5, the circuit of half wave rectifiers with a load resis¬ 
tance is shown. The tube conducts during one half cycle of input 
voltage. 



Fig. 5. Circuit of half wave rectifier using the gas diode. 

i, . Volt - a mpere characteristic of a gas diode is given in figure 6 . 

ube Wr ^ the charact eristic that for the conduction of the 

£ Thn^hl ie . d . P0 . te ? tl ? 1 must exceed the ionisation potential 

of this Doten?iii < rtrA tia !k dr0 u appears across the tubes. Because 
potential drop, the tube conducts for less than half cycle as 
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E m sin wt—E 0 


1 f* n E m sin ojt—E 

= lX E ” S,D - R - 

i r Em 1 sin* o, t Jr i r 

2ir}o - R - £/( “ ,) “2-Jo 


d(u)t) 


E 0 E m sin <ot 


: d(u)t) 


4R l 1 vE m \ - (4) 

Therefore the efficiency of rectification is given by 

5n 2 t { ”Eo\ 2 

4R \ tt EJ 

= ± (' 4 t;) x looy 

which may be reduced to an expression. 

^=40-6 (1-1*87 E 0 IE m )y o ...(5) 

Thus efficiency does not involve R or i b in its expression which 
means it is independent of load resistance and load current. 

8*3-2. FULL WAVE GAS DIODE RECTIFIER : 

«honI h fnT CU tt t0 x?: ful, u Wa y e rcclifier usi "g gas double diode is 
shown in fig. 8. The tube plates />, and P 2 conduct during both 

180®ap ° f inpUt vollafie because the inputs of two plates are 


A. C- 
INPUT 
VOLTAGE. 




Fis. 8. Circuit of full wave rectifier using gas doubled diode. 

apparenuhat each J vav . eforms are also shown. It is 

Analysis We sh,H f°“ duc,S f ° r less ,han half cycle. 

• ^ all calculate the efficiency of a rectifier, given by 
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8 4. COMPARISON OF VACUUM AND GAS DIODE 
RECTIFIERS AND USES : 

The vacuum tube rectifiers are used for low voltage, low power 
requirements, while gas diode rectifiers are used for high power 
applications. In the latter case, generally hot cathode mercury 
vapour rectifiers are used. 

In comparison with high vacuum tube rectifier, the hot 
cathode mercury vapour rectifier (i) requires low filament power, 
(») has small anode to cathode voltage drop. (///) is cheaper in 
cost. 

But for all these advantages it is essential that anode potential 
must be greater than or equal to 1000 volts and the current requi¬ 
red be large. 

The main disadvantage of hot cathode mercury vapour recti¬ 
fier is that it has a tendency towards arc back and produces r.f. 
transients as the tube ionises. Due to all these defects and since 
momentary overload causes damage to cathode, it is not used in 
home receivers. 

8 5. FULL WAVE BRIDGE RECTIFIER CIRCUIT : 

In previous articles half wave and full wave rectifier circuits 
have been discussed. A number of another rectifier circuit arrange¬ 
ments are also possible. An important rectifier circuit arrangement 
is a bridge rectifier in which diodes are arranged in the form of 
the four resistances in the whcatstone bridge as shown in figure 
(10a). This circuit finds two important uses : (i) as power rectifier, 
and (ii) as a rectifying system in 
rectifier type a c. meters. When 
this arrangement is used for 
power amplification, the rectifying 
elements are usually thermionic 
diode either of vacuum type or 
gas type. When it is used m a-c 
meters, the rectifying elements 
are metal rectifiers (either copper 
oxide type or selenium type). We 
know that in a P-N junction 
semiconductor diode, no heating 
power is required, and therefore 
the use of bridge rectifier with semiconductor diodes has increased 
considerably after the discovery of silicon diodes. 

Operation : Let for the positive half cycle of the applied a.c. 
voltage, the point A is positive and C is negative. In this case the 
current flows through diode /),, load resistance R L and diode D 2 in 
the direction of thick arrow shown in the figure. The circuit is 
completed. The current through R L flows in such a way that the 
point B is positive and E is negative. During this period, the 



Fig. 10(a). Bridge rectifier circuit. 


333 

Rectifiers and Power Supply 

j- i pc n anf t n 4 are reversed biased and do not conduct the 

rife c sf as? 

■rH a? zsr&xx 

positive and E is negative as shown by dotted arrow. 

Thus the current flows through the load in the: same d.reeuon 

d, ° d ^^ S “?SSle tap is required in the tarnsformer 

SCC0 W ?he peak inverse voltage across each tube is half as much 
as for the centre tap connection for the same " sma| , 

• m b?u« d 8 iTthe P Xnti P n U bo^Th C e pnmary and secondary 
twice the number of rectifying diodes are required. 

““ P u°« ; ThTbl'CcL, i. »*d in «Hk. W «»>•»“- 

The circuit arrangement is shown in 
figure (106). The rectifier elements arc 
selenium or copper oxide rectifiers with 
a sensive d.c. ammeter as a load. This 
circuit can be used for the measurement 
of a.c. as well as d.c. voltages and 
currents. The d.c. ammeter reads ave¬ 
rage value of currents. This may be 
calibrated to give r.m.s. values of app¬ 
lied sinusoidal voltages. When the apr 
lied voltage waveform differs Irora 
sinusoidal waveform, the values given 
out by this instrument is incorrect. 

8-5-1 FULL WAVE BRIDE RECTIFIER 

A commonly nsndcijcni. for 
power is the bridge rectifier. F g. (11) shows 

STiKft. 5.L MEABCFN. This PJjdj» » £^“3 



A C or DC. VC "aye 

Hr. (10b). Bridge rectifier 
type voltmeter. 
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this case diodes D 2 and Z ) 4 are forward biased whereas D x and 
D z are reversed biased. So diodes D % and £ 4 conduct current 
which flows along the path NFABCEM. This produces a drop 
across Ri. It is obvious that the current through load resistance 




OUTPUT OF 0, and 03 

A A 

OUTPUT <* Oj & 0 4 

/VYYAA 

TOTAL OUTPUT 

<w 


Fig. II. 

Ri is in the same direction AB during both half cycles of the 
input a.c. supply. The output voltage across R L is shown in fig. 
(116). The frequency of is twice that the supply frequency. 

The following principal features of a bridge rectifier way be 
noted: 


(i) No centre tap is needed in the transformer secondary. 

(ii) Current in both (primary and secondary) of the supply 
transformer flows for the entire a.c. cycle and hence for a given 
power output, power transformer of a small size may be used in 
comparison with that in fullwave rectifier. 

(iii) Here the peak inverse voltage is shared equally by two 
diodes because in each conduction path, two diodes are present in 
series. Hence bridge rectifier is entirely suited for high voltage 
applications. 


8 6. METAL RECTIFIERS OR BARRIER LAYER 
RECTIFIERS : 

r meta ^ ecti fi ers utilise the unidirectional conduction property 
tk 6 A 16 c Qyer ^ etween a Z°°d conductor and semiconductor. 
l hey differ from vacuum or gas filled diodes as they do not have 

an* they do not rec l uir e filament heating, they 

!~* b e for bndge rectifier circuits. Two types of such 
rectihers are in common use : 

(0 Copper oxide rectifier, and (//) Selenium rectifier. 

disc ofcoDDefwhh^ r f C ‘ ifier : The c °PP er oxide rectifier has a 

The pure cuprous oxide ^ Wi,h CU P roUS oxide < Cu > 0 )- 

excess of oxygen atoms it foleTiK^ 0 '' VV , hen . ,here ,s asll 8 h ' 

, it loses its nonconducting property and 
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becomes a semiconductor. This situation can be regarded as the 
missing of few copper atoms from the structure. If at any point 
in the structure, a copper atom is missing then there is an 
electron missing or there is a positive hole. Thus the conductivity 
of semiconducting Cu 2 0 is considered 
to be due to positive holes and 
it is said a p-type semiconductor. 

The oxide is heat treated in such a 
way as to give an excess of oxygen 
and a thin or barrier layer of Cu t O 
at the surface of copper disc. The 
various layers of copper oxide recti¬ 
fier are shown in fig. (12). Thus a 
copper oxide rectifier can be regarded 
as consisting of a thin layer of pure 
Cu 2 0 sandwitched between copper 
and a layer of semiconducting Cup 
with a top metallic plate. The top 
metallic plate acts merely as a contact. 

Figure (13) shows the diffusion of electrons and holes; across 
the barrier layer. When the layers are formed, on one side, there 
will be mobile holes denoted by positive ( + ) sign in the semicon¬ 
ductor. At the same time there will be corresponding centre of 
negative charges denoted by negative © sign in fig. (13 a) as the 



Fig. 12. Various layers of 
copper oxide rectifier. 
(I) Metallic plate. (2) p-type 
semiconductor. (3) Pure Cu.O 
(Insulator). (4) Conductor 
(Copper plate). 
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(a) (b) 

Before diffusion After diffusion 

Fig 13. 


material as a whloe is electrically neutral. On other side of barrier 
layer, there are mobile electrons denoted by negative (—) sign and 
fixed positively charged atoms denoted by © sign. No mobile 
holes from the semiconductor and electrons from the metal tend to 
diffuse across the barrier layer. In this way there will be concen¬ 
tration of negative charge on semiconductor side and positive 
charge on metal side as shown in fig. (13 6). Thus a potential 
barrier is set up which opposes the diffusion. After sometime the 
equilibrium condition is reached when no further diffusion takes 
place. This develops an electric field across the barrier which is 
shown by a battery with dotted lines in fig. (13 b ). 

The principle of rectification is shown in figure (14) Consi¬ 
dering figure (14 a), let during positive half cycle, A is positive 
with respect to D. Now the holes of the semiconductor and 
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electrons of metal are repelled towards barrier where they combine 
with each other. Immediately, an electron is given back to metal 
by a.c. source and another electron is absorbed from the semi- 



Co) 


(*) 

Current flows No current flows 

Pig. 14. Principle of rectification. 

conductor so that at every point in the circuit, a neutral charge is 
maintained. Thus a conventional current flows from semiconductor 
to metal inside the rectifier. As shown in fig. (14Z>), for the negative 
half cycle, the holes are attracted towards A while electrons are 
attracted towards B. Now no combination of holes and electrons 
takes place and hence no current flows in the circuit. 

(ii) Selenium rectifier : In a selenium rectifier, a layer of 
selenium is formed on a steel plate which is the back plate. 
Selenium is normally a semiconductor but an insulating surface or 
barrier layer can be formed upon it. The surface is then sprayed 
with a metallic alloy to form the front surface. The cross section 
of a selenium rectifier is shown in figure (15 a). When selenium is 



(a) Cross section of selenium 
rectifier. 



(b) 


(6) Current voltage characteristic 
of selenium rectifier 

Fig. 15. 


positive with respect to the front plate, then fora low voltage drop, 

f.“ r JS* “ ndu 5 tl0, » current takes place. On the other hand, for a 

selenium^* 6 dr °?’ a ,ltlc conducl «on current takes place when 

wkh a hiol J; 8 Ve ***** 10 fronl plate. This is analogus 

front plate as cath?ri dl0< c ! lhe semicondu ctor acts as anode while 
iront plate as cathode. Fig. (15 6) shows the current voltage 
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characteristics of selenium rectifier. The direction of current now 
is known as forward direction while the opposite as reverse direc¬ 
tion. If the applied voltage in the forward direction is below a 
certain value (threshold), very small current flows. The threshold 
value in selenium rectifier is at about 0’5 V. 

8 7. MULTI-PHASE RECTIFIER CIRCUITS : 

Multiphase rectifier circuits are used when large d.c. power 
is required. These circuits utilize standard three phase distribution 
system (according to modern practice the electric power is trans¬ 
mitted and distributed as three phase power). In case of a multi¬ 
phase rectifier the output voltage is smoother than that of a single 
phase rectifier. The efficiency is also higher than a single phase 
rectifier. For lasge output powers, tubes having mercury pool 
cathodes are used. However tubes with hot cathodes can also be 
used. The commonly used multiphase rectifier circuits are : 

(/) Three phase, Half wave system, (//) Six phase, Half wave 
system, (///) Three phase, Full wave system. 

8 7-1. THREE PHASE, HALF WAVE SYSTEM : 

Figure (16 a) illustrates the principle of a three phase, recti¬ 
fication circuit. The power is supplied through a three phase, delta 
wave connected transformer. The rectifying unit consists of either 
vacuum diodes or gaseous diodes or ignitions etc. having all cathodes 
connected together. The d.c. load is connected to the common 


Delta primor/ 



Rectified voltage 



(a) Circuit connections 



2 " --H 


JUL 


u ,t 


Uff 


.ut 


(C) Anode currents for resistive 

load 


(b) Applied voltage wave 

cathode tetjauld to the 


Three phase. Half wave rectifier. 


The t^s™s swve two fine-ions : (/) providing voltages on 

anodes and (ii) providing the common connection, called the 
neutral*connection Each leg of the secondary wave prov.des one 
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phase. The voltages are given with respect to neutral connection. 
For sinusoidal input, the voltages applied to the anodes are sinu¬ 
soidal, equal in magnitude but shifted from each other in phase 
by 120° as shown in fig. (16 b ). The anode voltages are e 10t e t0 and 
e ao and each voltage is equal to the primary voltage multiplied by 
the transformer ratio. Each tube conducts for one third of a cycle 
and at any given instant, although more than one anode is positive 
with respect to the neutral but also anode having the highest posi¬ 
tive supply voltage conducts. The arc transforms from one anode 
to the next anode when their voltages become equal. The anode 
currents for resistance load are shown in fig. (16 c). 

As the waveform of load voltage or current repeats itself 
every third of a cycle, the average value of the load voltage is 
given by 

1 f3w/» 

Ej '- = (M)L Em sin “ ,Aw,) 

because e l0 is positive relative to e i0 and e 80 when 

tt/6 < wt < 5tr/6. 


3E„ r 

16IT/6 

2n [“ 

■COS wt 

J»/6 

3£„r 

Sit , tt 

- 2n[ 

-COS -T-+COS - 

o 6 

_3£^| 

2 n [ 

0-866+0-866 1 

=0-827 



The average current in the resistive load is 

0-827 £„ 

' c ‘~ Rl 

Average tube current = J. 0 82 J — ” 

Rl 

Since the current h c - is supplied by the three tubes. 

=0-276 EJR l ...(2) 

Here E m is the amplitude of each phase voltage. 

In order to compute the ripple factor, we first calculate the 
r.m.s. current 

1 (*»/•£; 

(2*/3)L/e 

/ y. 4,r l Jr;c 
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Solving if, we have 

/,«...=0-838 §2 ...(3) 

The ripple factor is given by 

y= |x ioo% 

8*7-2. SIX PHASE-HALE WAVE SYSTEM : 

As compared to a single phase operation, three phase opera¬ 
tion provides better conditions of rectification. Still better 
conditions can be obtained by using a number of phases. The three 
phase power can be converted into 6 or 12 phase power by means 
of transformers. The circuit and the operation of six phase half 
wave rectifier differ very little from the three phase half wave 
rectifier. The circuit arrangement is shown in figure (I 7 a). The 
circuit consists of six phases which are arranged in a symmetrical 
manner and each phase supplying one tube. 



Since there are six phases each tube conducts for only one- 
sixth of the cycle as shown in fig. (17 b). The fundamental ripple 
frequency component is six times the supply frequency which 
results more smooth load voltage waveform as compared to three 
phase system. The analysis of this rectifier is as follow : 

Ed ‘- = rrrbr f Em sin OJt 

(27T/6) J nit 
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-%[—c 

= |"_cos tt/2+COS rr/6 j = "“~" j^0 + 0’866^J 


=0-82 E m -(5) 

The other quantities as I d . e . y and y can be calculated in 
a similar way as in case of 3 phase half wave rectifier system. The 
only difference is that here the valve conducts for 1/6 th of a cycle 
while in three phase system each valve conducts for 1/3 rd of the 
cycle. 

8 7-3. THREE PHASE-FULL WAVE SYSTEM : 

The circuit diagram of a three phase-full wave system is shown 
in figure (18a). In this rectifier two tubes always conduct as in case 


Secondary 


fnotory 

into Si A 
input £ 



(a) Three phase-Full wave rectifier circuit. 



C tc e ba e cA e c b e *t e m 


(b) Output voltage waveform. 

Fig. 18. Three phase—Full wave system, 
of a single phase bridge rectifier and hence this is sometimes 
known as three phase bridge rectifier. During positive halves of 
the phase voltages, the tubes V 4 , V b and V 6 conduct and produce 
positive output voltage with respect to neutral. During negative 
halves of the phase voltages, the tubes V u V 2 and V 3 conduct and 
produce negative output voltage with respect”to neutral. The two 
outputs arc added in series and the average value of the output 
voltage is twice that of either taken alone. Fig. (186) shows the 
waveforms of voltages. 

It is seen from fig. (186) that when line to line voltage e a b is 

at its maximum positive value, the current flow's through V it the 

vain and j v ?i ve Vi ' Afler ha,f c y c,e > e *b is at its maximum negative 

tfck «.»*.*'* CUrrent - flows throu S h K,. the load and valve V,. In 

nepat«v^Klir r r n k P r lrs of tubes conduct during the positive and 

through the inad he I,nc l ° ,ine voltage - The diction of current 
ough the load in every case is from A to B. Similarly, different 
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other pairs of tubes conduct for line voltages e fh and e ac . If the 
tube drops are considered negligible, the load voltage is always 
equal to the most positive voltage. 

8 8. CONTROLLED RECTIFIERS 

Often in many industrial control devices, it is required to 
control the d.c. current in load. This can be achieved by the 
following two ways : (i) by providing taping on the input trans¬ 
former of the rectifier, and (ii) by inserting a controlling resistor 
in the output circuit The first method is not desirable when high 
load currents are involved moreover this is not an economical 
method. The second method increases the losses and gives poor 
efficiency. A most efficient and inexpensive method of controlling 
the output current of a rectifier is by using thyratrons, ignitrons, 
excitrons or cold cathode gas triodes instead of diodes for rectifica¬ 
tion. The current in the load can be controlled by controlling the 
conduction angle at our will. This is not possible in case of diodes 
however the conduction angle can be controlled without much 
expense of energy in thyratrons or ignitrons. There is no wear and 
tear of mechanical parts (hence long life) in thyratrons or ignitrons. 

8 9. THYRATRON CONTROLLED RECTIFIER 

In a thyratron controlled rectifier circuit, the load is fed 
through an a.c. source in series with a thyratron as shown in 
figure (19). To analyse the action 
of a thyratron in a controlled 
circuit, the first step is to study 
the firing characteristics of the 
thyratron i.e. a curve showing the 
critical grid voltage for different 
values of anode voltage. The left 
side of figure (20a) shows the firing 
characteristic of a negative controlled thyratron. For different 
values of anode voltage, this curve gives the minimum grid voltage 
for conduction to take place. The second step is to find the critical 
grid voltage from this firing characteristic for different points on 
the a.c. cycle of the plate voltage. The third step is to plot this 
critical grid voltage as a function of time as shown in fig. (21 a) for 
negative and in fig. (216) for a positive control thyratron tubes. 

At the instant the anode voltage is e M and the correspond¬ 
ing critical grid voltage as obtained from the characteristic is e (l ; 
thus e cl is taken just below t x . Similarly, at instant r 2 , the anode 
voltage is e* 2 and the corresponding critical grid voltage as obtained 
from characteristic is e ; therefore e c2 is taken just below t 2 . In 
this way several points are noted. The curve joining these points 
is called as critical grid voltage curve. This curve signifies as a 
function of time the grid voltage that will just allow the tube to 
fire if the anode voltage follows the curve e s . Figure (21) shows 
the potential and current wave shapes of a thyratron for various 



Fig. 19. Thyratron rectifier circuit. 
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Fig. 20. (a) Critical grid voltage curve for a negative control thyratron. 



Fig. 20. (6) Critical grid voltage curve for a positive control thyratron. 

values of grid bias. When e c is more negative than the critical 
grid voltage, the tube does not fire at all as shown in fig. (21 a). 
If the gird bias is reduced towards zero, then at a particular time, 
the grid bias is equal to the critical value and the tube starts 
conducting as shown in fig. (21 b). This passes a current until t 
plate voltage falls to zero. The plate current is represented oy a 
quarter sin usoids. As the bias voltage is further reduced [ng. 2 ic\ 



e c blow critical grid 
voltage. 


e c =critical grid 
voltage. 


bias voltage is further 
reduced. 


Fig. 21. Wave shapes illustrating the d.c. control of thyratron. 

the tubes fires earlier in the cycle and plate current increases. The 
conduction is shown by a point P x . Now the grid loses control 
and regains control only when the arc is extinguished. Correspond¬ 
ing to point P u the conduction angle is $ lm When conduction starts, 
plate voltage e b drops from e x to E 0 , where £ 0 is the constant 
voltage drops of the tube. The current rises from zero suddenly 
and varies according to the variation of applied voltage. At angle 
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(tt— 0 2 ), the applied plate voltage is just equal to £ 0 , the conduc¬ 
tion ceases. During the negative half cycle, no conduction takes 
place. 

Mathematical analysis of thyratron rectifier : The analysis is 
based on the following assumptions : 

(i) The tube fires at an angle 0j corresponding to grid bias 
e cl (fig. 21 c). 

(//) Voltage across the tube after firing falls to a low value E 0 
and remains practically constant till the tube conducts. 

(ill) Tube extinguishes when the a.c. applied voltage falls to 
£ 0 . The extinction angle is then (n— 0 2 ). 

Let the applied voltage in the plate circuit be e s =E m sin wt. 
If the tube drop after the conduction has begun is £ 0 , then the 
current in the plate load resistance R L during the conduction por¬ 
tion of the cycle is 

. Em sin 0 /— E 0 a ^ . ^ _ u 

lb= - - n - , 01 < wt < 7 T — Vt 

J<l 

where E m is the peak value of the applied potential, 0 Z is the phase 
angle at which conduction starts and n — 0. 2 , is the angle at which 
conduction ceases. After this the tube current remains zero until 
the phase angle 0i is again reached in the next cycle. The average 
rectified current which will be read on a d.c. ammeter is given by 

(£„ sin wt-E 0 ) 


I ( n ~ 9 t 1 l n ~ e ' 

n-— 


R, 


d (wt) 


2 nR L 

e ~ r_ 


E, ,T-». 

COS wt — — U)/J g 


2nRu L 

= cos 0,+cos e a -g- (n-e.-eo ], ...(i) 

where 0 2 is defined by the relation that when n—0 2 =wt t 

E m sin (n-0 2 )=E o ; E m sin 0 2 =£ o or sin 0 2 =£ o /£,n ...(2) 

If the ratio £ 0 /£ m is very small, then £ 0 /£ m and 0 2 may be 
taken zero, and equation (1) reduces to 


ld'C >— 


27 tR l 


(1+COS 01) 


...(3) 


It is clear from this expression that I d c . can be controlled by 
varying ignition angle 0» from 0 to * and that d.c. current is maxi¬ 
mum when 0i is zero, being equal to EJitRl Now equation (-) 
can be written as 

U.c 1+cos 0i ...(4) 


(/j.c) 


c»jmox 
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We see from equations (3) and (4) that can be varied by 
varying angle 0, i.e., by varying the position in the a.c. cycle at 
which the d.c. grid potential exceeds the critical grid voltage. For 
the large positive grid voltrge, the conduction may take place oyer 
almost complete half cycle. For zero grid voltage, conduction 
takes place over a large portion of the half cycle and hence /</.€• 
has a large value. If the grid voltage is made more negative, con¬ 
duction does not take place at all and Id. e . is then zero. 

Average value of anode voltage is given by 

E "- c - = k\o ebd(w,) 

= l[jo' E in sin wt d (<*>/)-+-* E 0 d (wt) 


+ 


j 2 ^ E m sin wt.d 


where 


0 < wt < 0, 

#1 < U)t <C "IT —$2 
7T —0 2 < Wt < 2IT. 


eb=E m sin wt 
=E 0 

=E m sin wt 
= 2 ^[” Em cos 0|-F£ m -F£o (w— 0 2 — 0i) 

+£« cos (n— 0 2 )— E m cos 2n] 


^-(rr-0.^6,)-^ (cos 0,+COS 0 2 ) 


2 7T 


2 rr 


If £ m >£ 0 , then equation (5) reduces to 

Ed.t.as— (1+cos ${) 


...(5) 


...( 6 ) 


The negative sign in the above expression show's that the 
cathode is more positive than the plate and the positive terminal 
of voltmeter must be connected to the cathode in order to read in 
the positive direction. 


The r.m.s. value of plate current is given by 

] 


/ '— J[b\, 4 * d (<u,) 

-GCP 


sin wt 




dipt) 


] 


1 /s 


rl 1 

The power supplied to the plate circuit is given by 


...(7) 


■=’ r 


2rrJ 0 


9 ‘ £ - sin (- w -- V/- £ ° ) d (“0 


...( 8 ) 
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810. PHASE SHIFT CONTROL : 

One of the most satisfactory methods of varying the current 
through a thyratron is known as phase shift control. In this method 
the conduction point of the cycle is controlled by controlling the 
phase angle between the plate and the grid potentials. This is 
achieved by the application of an a.c. voltage to the plate as well 
as to the grid. Both the a.c. plate voltage and a.c. grid voltage 
are taken from some a.c. voltage source so that they have the 
same frequency. The phase angle between the two voltages is 
varied so that the grid voltage lags behind the plate voltage. 
Fig. (22) shows how the conduction angle of a thyratron is affected 
by the phase angle between the plate and the grid voltages. From 
fig. (22 a) it is observed that when the two voltages are in phase, 
the tube conducts for 180° and the direct current through the 
thyratron is maximum, 



When the grid voltage lags behind the plate voltage by an 
angle 0 U the current is given by 

'"■■-A ('+“»«• 

Figs. 22 (b) and 22 (c) show two cases of phase difference and 
their corresponding conduction angles. 

When the grid voltage leads the plate voltage fig. 22 (d) the 
tube conducts for 180° and the grid does not have any control on 
the current flow. 





Fig 22. Waveshapes illustrating phase shift control (a), (6) (c) and (•') 
show various cases of phase difference and the correspond^ angle 
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Figure (23) shows a circuit in which a variable phase can be 
obtained. The phase shift between grid and plate voltage is con¬ 
trolled by the impedances Z x and Z 2 . 

Using a centre tapped transformer 
voltages E and E' are equal in mag¬ 
nitude and phase voltage E drives 
current through thyratron plate circuit. 

The phase shift of the grid supply 
voltage may be adjusted by varying 
the magnitude of either Z x or Z a . 

A vector diagram may be drawn to 
show phase and magnitude relations 
of various voltages and currents. 

Figure (24 a) shows the phaser diagram 
for the combination Z x equal to R and 
Z 2 equal to ju>L. Here the current / 2 
through the impedances Z, and Z 2 lags behind the applied voltage 
(£+£'). On resolving the voltage sum (£+£') into two com¬ 
ponents across the impedances Z x (R) and Z a (jwL), a right angle 
triangle is obtained as a phasor diagram. Now joining the centre 
K of the voltage vector (E+E*) to the vertex of the triangle, the 
grid supply voltage vector E g k can be obtained. This lags behind 
the vector £ by an angle 0. It is obvious from the figure that the 
vertex G of the phasor diagram always lies on the circle on vector 
(£+£') as the diameter. The magnitude of the vector E t k is, 
therefore, always constant and equal to £. 



shifting netwerk. 


h 




Phasor diagram Phasor diagram 

when Z X = R and Z 2 =jwL when Z 2 =l//o>C and Z 2 =£ 

Fig. 24. Phasor diagrams of phase shifting circuits. 

The phase angle of £,* with respect of £ is given by 


2tan-‘=r. ...( 1 ) 

Fig. (24 6) shows the phasor diagram for Z x =\ljwC and 
f* In this case it is also found that £„* has a constant 
piven'h!? 6 eqUal t0 E and a phasc angle which is lagging and is 


0=-2tan-»oC£ 

8 may be vatrie d by varying either C or R 
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8 11. ON OFF CONTROL : 

Figure (25) shows the circuit 
diagram of a thyratron rectifier having 
on-off control. When the switch S is 
open the thyratron is biased nega¬ 
tively to such a value that the dis¬ 
charge can not be started at any time 

during the cycle Ini thisewe the Fig 25 . On-ofr thyratron control. 

Kitfcllgrid'volUge 8 Whin r .he switch is closed the grid vol- 
Sge becomes almost equal to the plate= voltage.rhethyuron now 
fires and continue to conduct until.the end of the half cycle It 
fires at the beginning of every positive half cycle as long as the 
switch remains closed. 

812 IGNITRON RECTIFIERS AND IGNITRON CONTROL 
CIRCUITS : 

The formation of an arc in a thyratron is delayed depending 

upon the grid voltage; on the other hand theinn 

ingnitron by passing the current through i*mtor. When large 

nower is reauired, the igmtron rectifiers are used because incre is 

puta must be periodic .ml must b" sjuchron sed »»b ,1>«*£ 

s&s/. k? x- ”«ir i 

sss sss sss s” ! 


Looef 



)r i 


(1) Anode ignition with 
diode : The circuit arrangement 
using ignitron and its firing 
arrangement is shown in 
fig. (26). A gas filled thermionic 
diode T 2 is connected in the 
ignitor circuit. This serves two 

Fi "‘ 

;r.E 5-St bSS 

positive half cycle of the applied voltage, when tne vouag 

equal to the breakdown *£ .hroughi'nitorand the 

begins to conduct. Now a currcru fl ea^s ,8.^, r0U gb 

mercury pool. As the supp y yo t crilical value at which 

Krrr 1 .»«»'»• 
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flows through the load Z L and the voltage applied to T 2 and 
ignitor decreases to a low constant value. The ignitor current 
becomes negligibly small. During negative half cycle, the tube 7\ 
stops conducting and no current flows through the load. The 
process is again repeated for positive half cycle. 

(2) Anode ignition with 
thyratron : A circuit arrange¬ 
ment of anode ignition with 
thyratron is shown in fig. (27). 

In this case diode T 2 is replaced 
by a thyratron. e sg is the control 
grid voltage of thyratron 7*. 

This is an alternating voltage 
of the same frequency as anode Fig. 27. Anode ignition with thyratron. 
voltage but delayed in phase. The ignition of thyratron is thus 
delayed depending upon the delay angle <f>. There are two 
advantages of the above two methods ; (i) Ignition cannot take 
place at the beginning of the cycle, (ii) Ignitor current flows 
through the load impedance Z L restricting its suitability for rela¬ 
tively heavy load currents only. These defects are avoided in the 
following two methods. 

(3) Thyratron and capacitor ignition : The circuit arrange¬ 
ment is shown in fig. (28 a). When the positive half cycle starts, 



(a) Thyratron and capacitor ignitron. 




(*) Saturation reactor ignitron. 

g- gmtor excitation circuits with no ignitor current through load. 

^he wpacifor C is gradually charged through the hot cathode gas 

definite value the" V ^ anod * vol,a 8 e of the ‘<*e T, reaches a 
dehntte value the condenser d.scharges through the thyratron 

n ieni?'ron N Th, , d en CUr , rent ‘ hrou S h ignitor causes ignition 

ed bv 3 di?Ktin n h ^ i e Value .° r rectlfler current can ^ control- 
lea by adjusting the grid control voltage. 
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(4) Saturating-reactor ignition : The circuit arrangement is 
shown in figure (28 b). For the positive half cycle of the applied 
voltage, the condenser C charges through L\. Simultaneously, 
current gradually builds up in the circuit containing reactor L*. 
tube T 2 and ignitor 7\. The core of l 2 is so designed that as soon 
as the current through the reactor reaches a critical value, the core 
gets saturated suddenly, ie. its inductance decreases. Now the 
condenser C discharges suddenly through the circuit containing 
I 2 , T 3 and ignitor. This causes an ignition. The purpose of rectifier 
T 2 is to prevent the flow of current in reverse direction. 

813. POWER SUPPLY : 

The circuit of a power supply using full wave rectifier is 
shown in fig. 29. 



Fig. 29. Power supply unit. 

The power supply system includes the following sections : 

1. Rectifier section 

2. Filter section 

3. Regulation system 

4. Bleeder resistor. 

We shall now describe the different sections. 

The rectifier section consists of two vacuum diodes (if full 
wave rectifier) or only one diode (if half wave rectifier) along 
with a transformer. The performance of half wave and full wave 
rectifiers has been discussed in the previous articles. 

FILTER SECTION 

We shall discuss this section »'n the light of following points : 

(а) Ripple factor, 

(б) Output voltage, and 

(c) Voltage regulation. 

The effect of output resistor on the above points will also be 
considered. 
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The output of a rectifier contains a.c. component of conside¬ 
rable magnitude. The effect of this a.c. component is to vary the 
output d.c. voltage. The filter system is used to reduce the magni¬ 
tude of this ripple and to provide a regulated and constant voltage. 
The following filters are used : 

(i) The series inductor filter : The rectifier with series induc¬ 
tor is shown in fig. 30. 



Fig. 30. Rectifier with series inductor filter. 


The inductor in series with load serves as a filter. The opera¬ 
tion of the inductor filter depends upon the property of the induc¬ 
tance to oppose any change of current that may flow through it. 
During the positive half cycle of the input voltage, the inductance 
of the choke retards the rise of current through the rectifier. After 
the impressed voltage reaches its positive peak, the energy stored 
in the magnetic field will continue the d.c. pulse even after the 
applied voltage becomes negative. Thus the conduction takes place 
for more than half a cycle. As the inductor L offers an extremely 
high impedance to alternating component of current in the diode 
output, the amplitude of a.c. component is reduced considerably. 
Since the d.c. resistance of large inductance L is very small com¬ 
pared to R t the d.c. component is not reduced at all. 

If the input voltage be e=E m sin <o/, then the differential 
equation for the conduction interval is 



...(1) 
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where 4 is the diode current and R is the load. 

The equation (1) can be written as 

di b i Rib _ P-m „• # 

sin wt. ..\l) 

at L L 

The solution of equation (2) consists of two parts : (/) com¬ 
plementary function, (if) particular integral. The complementary 
function can be obtained by putting the right hand side of equa¬ 
tion (2) equal to zero and solving it for the current 4, we have 

i b =Ae- R 'l L , -0) 

where A is constant. 

The particular integral can be obtained by solving equation 
(2) as it is, we have 

(sin 


...(4) 


where 


_j <*>L 

«*=tan 1 j-. 


Therefore, the diode current is 

i>=Ae-*" L + - {R , + E S* L ,y j T sin 0 < < 6i " (5) 

i b —o 0 2 ^ wt ^ 2 tt 

where 0 2 is the ignition angle (conduction angle). 

Assuming that the positive cycle begins at /=0 i.e. 4=0 at 
wt= 0 the value of the constant A can be calculated. Applying this 
condition in equation (5), we have 

0 = A+ (R*+Z'L-)'I- s,n 

••• sinf 
Substituting this value in equation (5), we get 

'*= (JP -&Z 3 * sin * e ' K " L+ (^+:^ sin(o “~* ) 

or |Sin Sin - (6) 

The first term has a sinusoidal nature and becomes zero for 
certain value of wt. The second term representing the exponential 
component is always positive. For large L and small R , the expo¬ 
nential component decreases very slowly (as time constant L\R is 
quite large) and 4 may not be reduced to zero and it flows contin¬ 
uously. This occurs in case of full wave rectifier; moreover, in case 
of half wave rectifier, the current is cut off to zero. 

The cut off angle 0, (greater than n) can be found by the 
condition that w/=0 2 , the current 4=0. Applying this condition 
to equation (6), we have 
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0 = 


[sin (d t -t)+e-*‘l L sin <f>] 
Em 


or sin (fWJ+e*" 1 - sin <t>=0 because 

or sin 0 a cos <f>—cos d 2 sin <f>=e~ RtlL sin <f> 
or sin 0 2 cos <A=sin <f> (cos 9 t —e R, l L ) 

or sin 9% cos <£=sin <f> (cos 0 2 —e 


-R9olioE 


or cot <j> 


cos 9 2 —e 


-R9JojL 


sin 0 2 


R cos 0 f —e 


-KOiluL 


° r wl~ 


sin 0 a 


( 




If fl/a>L is known, the value of 0 f can be calculated with the 
help of equation (7). On getting the value of conduction angle 9 t 
from equation (7) and the magnitude of current from equation (6), 
the general character of the solution of differential equation for 
the current can be depicted as a shown in fig. 31. 



Fig. 31. Showing the effect of L on the waveform of the current on 
the conduction angle in half wave rectifier with inductor filter. 


The average value of direct current I,i. c . can be calculated by 
averaging the current over a complete cycle i.e. over the interval 
0 to 0 2 and 9. to 2n. 



_if*» E m 
27rJ 0 (*2 + w *L 2 )*/2 


[sin (wt-<l>)+c Re2 ^ L s\n <f>] d(o)t) 




[sin (wt—<t>)+e <t>] d(o>t) 
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If ^ 4 1 then -4 tends towards infini,y so lhat 
l R cuL 


ld'C‘ 


( 


2vR\ H 


a> 2 I 2 


R 2 ) 


yrC si " M_ 


*£) d(wt) 


w 

= — sin wt d(u>,) 

because *=tan-* £ and when f 4 U=°- 
Neglecting bei °8 very smaU * WC ge ‘ 

r=^ i, - cos9ii 

Again Efficiency— 2 „ # 

small value of L, « t approaches 180 . 


..( 8 ) 

..(9) 

...( 10 ) 
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(ii) Shunt Capacitor Filter : In fig. 32, the rectifier with 
shunt capacitor filter is shown. The capacitor shunted across the 
load resistance acts as a simple filter. 

As the direct current can not flow through capacitor, almost 
all the d.c. component flows through R and hence the direct out¬ 
put voltage is not reduced at all. The plate current flows when the 
diode conducts for the positive half cycle. This current charges the 
capacitor nearly to the peak value of the input voltage. During 
negative half cycle when the tube ceases to conduct, the capacitor 
discharges through the output resistance and thus maintains the 
output voltage at a relatively high level through the input voltage 

The waveform of currents (4=diode current, /^current 
through capacitor and ;*=current through resistor R) are shown 
in fig. 33. 



Pig. 33. Waveform of currents in half wave rectifier. 

ExtiS^VouV 1 corres P° J nds «° slarl of conduction period. 
It is observed ^corresponds to the end of conduction period, 
nstant LJ -« f ? m !. h ' fi g ur V hat from the instant «■/,=<?, to the 
iKsSSri .O n°l e C0 " du £‘ s - while i' does no « conduct from 

voltage through R ( wtTh‘ a n l ca P aci,or C now discharges its 
b ough R. We shall obtain the expressions for the diode. 

- s™* ,s ' >»** 

TK ec ~' €=:E 'n s,Dwr » to/i < wt < a >t 2 . ...(1) 

val is give^by 01 t,lroU8h the res, ’stance during the same inter- 


Em sin tat 

R • utx < a>t < Wt z . 

and the current i r through the capacitor, 

• ___ n de c 

C </7 ^ COS lot. 


tot 1 < c at <cot 2 . 
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The diode current 4. during the conduction interval is the 
sum of the two currents, i.e. »»='*+'*• 

• ^[^wCcoswr ]. ~< 2 > 

At the conduction ends, the diode current is zero, i.e. 
ib=ic+i R 

j c =—i R when /&=0, 

O.C cos (as '='> at conduction ends). 

• oiU= tan -1 (—^CK). 

Equation (2) may be written in the followmg form 


...(3) 


ibZ -£nj(l +W 2 C 2 R 2 ) sin («/+*) 


where *=tan- (o.C*)=»-tan- (-wCf?). 

Thus, 

i^SHy/Q+m'C'R*) sin (<■>'«-“'). <tufl " ( } 

aJU. ’p35 5.WE 

tially with a time constant (hjs stage ,he capacitor begins 

AVv'S H."S£ ««• »“ 

“ ’‘i’sssssa^*— 

ing portion of the cycle is . 

. = £<fec + £<.=0(/ 6 =0, during non-conducting portion) 


or 


% +fe-«. , -< 5 > 

This is the differential equation for the interval -r. *o Mu 
The solution is givenby ^ (6) 

c^lnt whose value can be obtained by applying 
where A is a con ^ » _ r sin w/. when ut=wt 2 > 

the boundary condition t 

•• £ " S A=£„sinwf,e^ -00 

° f Substituting this value of A in equation (6), we get 
e c =E m sm uti.e <' V' 

r cin ,./* w/t < < 2TT-Ha>/, 

or Cc-^m sin W *• g . for , arge uCR that is, for 

largeVoight current k,ad) or large C «he jfl! 

A- -- » - — F “ 
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small wRC y i.e. small R (heavy current load), the exponential term 
has greater effect and voltage drops considerably below its value 
at a )t 2 . Thus the ripple with a capacitor filter increases with the 
increase in load current . 


1 f“''i 

£/-c-= 2^J sin 


1 (**»+-', 

+2^1 wl E m sin wt 2 e~^ t "' t t^l mCR .d(o)t), 


...(9) 


At <xjti-\-2n t 

e c =E m sin (<ot l +2n)=E m sin tuti 
and from equation (8) we get 

e c —E m sin wf 2 .e-l- , r-' +2n )l~ CR 
Equating the two, we have 
E, n sin ioti=E„, sin u)t 2 .e-(-‘-'* l 2 + 2 ”)!~c R 
or sin a>ti^sin u)t 2 .e~i~‘r~ , 2 +Zn )/“ CR 

rating U wchavc 8 CqUalions (3) and (10) in ec l ua "' on (9) and integ- 
Ede [1-cos (w/t-wr,)]. ...(H) 

masr.-as sss 
ts-H ar * pp '“ iM " l> as 



, (12) 

assumed lo 8 loose^harg^at 'an'om < “/ 2,0 2 "+ a, i’ Ihe capacitor is 
rate of loss of potemiafk ‘ PU ‘ ra,e with a current I d . c . The 


loss Of potential is 
de c 


Wc know that d JL r 

dt ***** 
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or 


de c 1 r Er 

•• </( w /)“ wC J c ‘ 2ir+w/i-w/ s 

(In + uitj-cot*) ...(13) 

cuC 

Takine the time axis along the W curve, it can be shown 
that £ such a triangular wave, the r.m.s. value of a.c. component 

of voltage is given by 

c __ (See numerical example-1) —(14) 

^.c- 2 ,3 

Substituting the value off* in equation (14) from equat.on 

( ?rr+a.fi-<ufl) f. . ...(15) 

(13), we get Ea-c-= 2 y/3.u>C 


Hence ripple factor 

E a -c f2»r + « U >i-tt»ta) 1+Ji 
y ~Ej. c ~ 2 V 3 wC Edc - 

f2ff+c oh-wh) j2»+<^t-qM. ...(16) 

~ ~2^T^CTIj^R) 2 v /3 ujCR 
when *s very small as compared to 2n, it can be neglected 

and the ripple factor is given by 

2tt_ 1 - ...(17) 

CR~2/3f.CR 

The ripP 'S; in ma f Ser Wa The Va onYy m 

puises of'current are received by the capacitor from the source in 
each time. 


(tt+ojIi — ujIz) 

Ripple factor y= 2 ^3ojCR 


..(18) 


The approximate output waveform of full wave vacuum tube 
rectifier is shown in fig. 35. 



Fi E 35 Saw loolh voltage representation 
' in the case of full wave rectifier. 

<Mi> F "" TT^SK.Hfl inductor 

shows the circuit dia c 0 cu(off occurs jn the current, the 

i»o—' filt " “ 
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from that used in case of half wave rectifier with series inductor. 
The Fourier series shows that cab is of the form 


cab 




cos 


As far as the amplitude 
of the output voltage is 
concerned, the only two 
terms are important; there¬ 
fore, the analysis is approxi¬ 
mated only by the first two 
terms i.e. 

cos 2 W. 

IT JTT 

...( 2 ) 

If R ch is the choke coil 
resistance, the d.c. current 
produced by the first term is 

“■ -..(3) 


Id “ "(Rcn+R)’ 
where R is the load resis¬ 
tance. 

Similarly the current 
due to second term (funda¬ 
mental a.c. component) is 
given by 

4£ m COS — 

3 * VURch+Ry+WL*]' 

...(4) 


where 


tan <£= 


2oj/—— cos 4wt 


] 


... 0 ) 






Fig. 36. Full wave reclifier with series 
inductor filter. 


2 ojL 


(Rch+R) 
The total current in the load is 

r__4 E n 


■m 


cos (2 ujt—<l>) 


” ( Rch+R ) 3ir VK*«*+*)*+4«.*L t ] 

The ripple factor y is defined as 


...(5) 


y= L- m value of the a.c. c omponent of current 
d.c. component of the current 
4£ m 1 

■ hVHy {{R c h+Rf+ 4o3 ! L ! ] 

2E m 

w {Rch+R) 

=J_ (R ch+R) 

3 V2 VU^c*++4<o ! Z. 2 J 


Rectifiers and Power Supply 

V2 


359 


= : 3 vr i+^mR^vm 

q>L _ js |arge> the ripple factor reduces to 

" Rc+R 

V2 (Rck+R). 

v :— " 7C r 


„ 2 ojL 

and if R,h 4 R, 'hen 

y= V2 *-=0-236 -W 

The equa.ion 3 sh'ows that the ripple decreases with the increase 

° f ‘lieToutpu. voltage will be due to the d.c. component of 
current only i.e., ^ R 2 £„, 


I ~ _ —- 

E d . c .=i+c.xR=-r (Rd,+R) „ j 1+ ^j 


If I\ C h ^8 M% * ~ M '** 7T 

Equation (7) » idduP—«* "!£“ ‘dS 
voltage regulation However, hit ^ choke res j s , a nce and 

assumption that plate r wh j| e they are not. Due to this 

transformer reactance ar e . increase of load, 

fact the output voltage decreases w. . The (w0 lypes 

(ii* L section filter or_ choke capadtor fi | ter ar e not 

namely series mduct ° r d 1 ' , ow va | U e of ripple at all loads. In 

much efficient to P r0 ™J c a ' bjn ation of series inductor and a 
choke input filter we “se a comb ^ (he load , bypasses the 

SlnTcfc-rentl while'inductor offers a high impedance to the 

harmonic terms. | oac j whi j e j n( j U c- 

The capacitor filter has lowdp binauon sys , C m 0 f these 

‘ 0r UK ^e liw value?:?S ripple a, all loads. 

two should g such tha[ thc serjes .mped- 

We choose elements oft j$ , qw> - e chokc .mpedance 

ance is high while shunt i P “ jmpcdance 0 f the capacitor and 
iS h i 8h 'i‘,or n The 6 Fourier series of the voltage waveform at the 
Snput'of the filter has the form 


Rj, 4 R> £»■«•- 


2 E. 


...(7) 


2Em 


4 ]L"L cos 2wf— 4 /jf- cos 4wl ’ 

3" 15w . .. , 


...(I) 


here E m is the P c ^ n P ul ^p^^The d.c. voltage applied to 
„ S L pi... restettnee of .he d„d. »d d.c. 
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Fig. 37. Rectifier circuit with choke input filter. 


resi s t ance of inductance L are assumed far smaller than R; the 
nrst term (2E m /ir) also represents the d.c . output voltage across R. 


and 


E,,=^ 

7 T 


2 E. 

irR 


...( 2 ) 




Wller Th fd ' c ' ' S the direct current through R. 

harmonlsIewc^W^Th/fib re P resen ‘ ,he sec °"d and fourth 
nics. respectively. The filter ts used to get rid of the harmo- 

dance offered b'v the ew COnd * la ^ mon '^ current, consider the impe- 
2w, which is given by C ‘ rCUlt 3t the second harmonic frequency 


Zif=j.2wL+ Mt- 2ulC 


R+ drc 


...(3) 


Now second harmonic current /_Second harmonic term 

2/ Z if 
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3 tt j2u>L+ 


Rlj 2coC 
R+ J1^C 


..(4) 


The filter elements are chosen so that the ripple voltage ap; 
pears across the inductor instead aci toss the load or c,Dn lenser C 
and thus make the filter effective. In practice load, R, is usually 

high. 

Thus R P 2 wL >2^C‘ 

The approximate value of Z*/ and I 2f are 
Z 2 /=2 o>L 

. / 4£ " - ...(5) 

and I, '-3n.2wL 

As the reactance offered by the capacitor C is quite small 
comoared with load resistance R, almost all a.c. component of the 
second harmonic current passes through C. Thus the approximate 
value of the second harmonic voltage £„ across R is 

f - r . ■ y - 4g " -i— •••(<>) 

Eif= I tf xX ‘- 3„.2wL 2 ojC 

Similarly, the impedance offered by the filter circuit at the 
fourth harmonic frequency is 

( R+ J^c) 

The fourth harmonic voltage across the load is 

4£„, 1 1 

£ *' = 7*T X Z 4/ X /4a.C 

4£ m 1 _1^!!_...(8) 

= lfr x j AwL*j4<»C 15»r x 4u<£ x 4u»C 

The ratio between the fourth harmonic and the second harmo- 
nic voltage across the load resistance R is 

Eif _4£ m 3nx2wLx2<vC 

E 2f ~ 157rx4wLx4wC' 4 Em 


=To= s% 


..(9) 


As the fourth harmonic is only 5% of the second harmonic 
the higher hormonics above second harmonic may be neglected 
calculating the ripple factor. 

The ripple factor is defined as the ratio between the a.c. and 
d.c. components of the voltage across the load; hence 
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E'r.nrf E%fl y/2 


Ed 


•c* 


- E d . 
4 E m 


(3^ x 2mL x 2cuC 
2 EJn 


)b 


1 


WWLC - (10) 

It is obvious from above relation that ripple is independent of 
load resistance. By choosing approximate values of L and C ripple 
can be reduced to less than one percent. 

Voltage Regulation : The smoothing effect due to inductor is 
shown in fig. 38. It is seen that current does not fall to zero 
during any portion of voltage 
variation cycle because it 
releases its stored energy du¬ 
ring the period when voltage 
drops to zero. The a.c. com¬ 
ponent are bypassed through 
the capacitor and, therefore, 
a ripple-free smooth voltage 
may be obtained across the 
load. 

A continuous current 
must flow in inductor for Fig. 38. Smoothing effect of inductor, 
which I m (a.c.) < 7</. f . is necessary. This condition in turn depends 
on relative values of L and R. The critical inductance L c required 
to give sufficient energy storage for a continuous flow of current 
is given by 



Ec=j^ for a given load R . 

where R is in ohms and L c in henrys. 

A regulation curve in 
direct output voltage against 
load current for a filter emp¬ 
loying a given value of induc¬ 
tance is shown in figure 39. 

It is clear from the graph 
(Fig. 39) that below critical 
current 7 f . output voltage vari¬ 
ation IS large, while for the 
load current greater than 7 C , 
output voltage is essentially 
independent of load ; the 
reason being that when load 
current is greater than 7, 


...(0 





Id* 


Fig. 39. Regulation current for L 

• . . ~ .. -c section filter. 

inductance current flows continually, which is necessary in the 
action of choke input filter. 
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(v) Capacitor input Filter or » Section Filter : A circuit of full 
wavi rectifier with /section filter is shown tn fig. 40. 



(a) 



Fj 40 . Circuit of rectifier with capacitor input filter. 

vnitaec at light loads is desired, an input 
when higher output U g * form a „ sectioD filter. 

capacitor is added to /. sec . current pulse twice each 

The capacitor C, draws a narg d S sconncc(ed from the sourcc 

cycle and charges to £t betor » h through the inductance 

Connects the source on the 

next ;X.n 

citor C, c ha r ge sa lm o s tt^ b P £ conducts nor capacitor begins to 
voltage. After this. neithe (Q maintain an almost constant 

.be time i» »b«b .1* «r«« 
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reaches to an appropriate value, one of the tube conducts and thus 
the capacitor is again charged. 

Output voltage : In this analysis it is assumed that C x is large 
enough to supply a constant current to the load during the non¬ 
conduction period of the diode (it is charged to the peak value of 
supply voltage E m during the positive half cycle). The current 
flowing in L is constant and the ripple component is small. The 
d.c. voltage across load is 

E d . c .=E„~Y-Idc.Rc -(0 

where R e is choke resistance. 

E r is peak to peak magnitude which may be found by assum¬ 
ing that Ci is large and the conduction interval is zero. 

If the capacitor Ci is assumed to discharge at a constant rate 
through L and load for T\1 seconds, the total quantity of charge 
discharged is 

coulombs, 

and the fall of voltage across C, is 
F Q - 4c T 

R ~C X 2C\ ...(2) 

we know that T=l//. wherc/is the frequency of a.c. cycle 

. p _ Id'f _ nld'f _ Id-c- 

" * 2/Cj Infer'" iZi' 

Thus output voltage becomes 

E d . c .=E,.-I d . c . (j^+Rc ) (3) 

Voltage Regulation : The above expression for output voltage 
shows that the regulation depends upon the value of C x . The regu¬ 
lation is good for higher values of C x . In fact, the major effect of 
Ci is on regulation while that of C 2 is on the ripple. 

Ripple Factor : If the ripple waveform be considered tri¬ 
angular, the ripple is given by 

eR= ~ s *n 2wt —^ sin 4w/-f ^ sin 6wt. ...(4) 

c_ ,f ,r consider the currcnl > n inductance L mainly due to 
second harmonic component and taking 

2=C t « R > 

across h C. P o°r rl R°is 0f r ' m ' S * second harra °nic voltage appearing 
Et=I*--^rA 2«A __ E R 1 

V2.Tr j2o»L—jl2wC 2 ‘ V2.irVlC a -l * 
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Putting Er= 


ft I 


lj-f 71 
Of Cl 

Id. c 


1 


y/2ofCi 4 oj‘LC 2 — 1 
=Ripple voltage across load. 

Ripple factor=Lgl= V2u)CiA ' (4u , ILCi _y ) - ...(5) 

The above expression shows that ripple factor is a function of 
load. The ripple factor decreases with the increase of load resis¬ 
tance or decreasing current output. 

When 4a PLC 2 far greater than 1, the ripple factor reduces to 

_ V2 _ 

^ 8to 3 C x C 2 LR 

where C, and C 2 are in pF, and L in henrys. 

Comparison of L Section and tt Section Filters : 


L Section 

1. Ripple is independent of 
load resistance. 

2. Voltage regulation is fair. 

3. Output voltage is low. 


8-14. 


OF 


7 r Section 
Ripple factor varies inversely as 
load resistance. 

Voltage regulation is poor. 
Output voltage is higher in com¬ 
parison to L section at light 
load. 

POWER SUPPLY OUTPUT 


REGULATION 
VOLTAGE : , —, 

In section 8’5 we have discussed the filter system. The filters 
are used to reduce the ripple and help in regulation of voltage. 
The good voltage regulation means that the output voltage remains 

C ° nS VoItage regulation is defined as the percentage change in out¬ 
put voltage when the load is removed, i.e. t 

Eo (no load)—£ 0 (full load) „ 100 

%regu!ation= f^fuliload)-* '° 0, 

where E 0 represents output voltage. . . . . 

In electronic applications, to avoid any confusion, no load 
nnd full load conditions are referred to minimum and maximum 
load current limits for which the regulation is desired. 

Example. The output voltage from a power supply drops 

from 320 volts at 20 mA to 280 volts at 120 mA. Find the per¬ 
centage of regulation over this range. 

„ , . Enl—Efl 

Percentage of regulation = —£— 


x 100 


320-280 
280 


X 100=-143%. 
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Causes for poor regulation : The poor voltage regulation is 
due to the decrease in the output voltage of power supply on 
account of the voltage drops in any portion of the circuit that has 
resistance e.g. resistance in the primary and secondary windings 
of the transformer, resistance in the series filter element (L or i?), 
resistance in the rectifier tube. Line voltage variations are also 
responsible for poor regulation. Therefore, to improve regulation 
of power supply voltage : 

(/) chokes and power transformers should be wound with 
large sized wire (to minimise winding resistances). 

(//) vacuum diodes, because of their high internal resistance, 
should be avoided and in place of these, semi-conductor diodes, 
which have much lower resistance, are most suited. 

(Hi) R.C. filter, because of its high series resistance, and n 
type filters, because of varying discharge time constant, should not 
be used. 

In order to maintain the stability of output voltage over large 
operating range, voltage regulator circuits are employed between 
the filter and the load resistance in the power supply system. 

We shall discuss the following voltage regulator systems : 

815. VOLTAGE STABILISATION BY GAS DISCHARGE 
TUBES (V.R. TUBES) 

The principle is based on the fact that in a cold cathode 
gaseous discharge tube the voltage across the discharge tube 
remains constant over a considerable range of current. When the 
tube is connected as shown in figure 42, the voltage drop across 
the load remains more or less constant, even when there is varia¬ 
tion in the applied input voltage (£,„). The tube bypasses then 



**>g. 42. 


vuiftiiupcrc 


voltage regulator Fig i 

Current • ****"*• ' of a V.R.'tube."" 

maintains F th'e 0 curren^con by J’ arialion in in P u < voltage i 
output voltage constant ° nstant through the load i.e. it keeps 
voltage is constant aad L°h S ^ lo * d ' Second| y> if the in 

vary but the tube bypastcl current’ 0Utput voltage tendl 

P current variation through it and m i 
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tains the current through R as constant. The output voltage across 
the load then remains constant. 

The tubes are known as V-R tubes. The voltage across the 
tubes is determined by the material of the cathode, nature of gas 
and gas pressure. When we are required to have the output vol¬ 
tage greater than a single V-R tube, then several V*R tubes are 
connected in series. 

Figure 43 shows the volt-ampere characteristic of the V-R 
tube. The curve is almost linear over the wide range of operation 
and hence it can be represented by 

E=m L,x-+C. (as y=mx+C) 


Eb-Ea 


where 

an( j C-Ea— m I mm- 

Ea and E 0 are the voltages corresponding to points A and B. 
From figure 42, we have 

Em=R i (h+ti+Eo •••(!) 

R=m i’i+C. •••(2) 

From equation (2), we have 

Ea • . Ea~C 


and if 


m 


Substituting these values in equation (1) we have 
Solving it we have 

_mR E/n+CRiR _ ( 3 ) 

ba ~RR l +mR,+mR 

Equation (3) gives a relationship between regulated output E 0 . 
unreglated input and the circuit parameters. 

The stabilization ratio is given by 

</(£,„) R(R,+m)+mR, mEm +CR, , 41 

S=-7-^= ^ - n,F. 


dE c 


mE 0 


while 


which shows that for stabilization, £ 0 and m must be small 
C, Em and £, should be large. 

816. ELECTRONIC POTENTIAL REGULATOR : 

Principle : The input voltage to be stabilised is fed to two 
elements A and B and the output is taken from the element B as 
shown in fig. 44 (a). If Z, and Z B are the impedances of elements 
^ and B respectively, then the fraction of input voltage fed to the 
output is Z,,/(Za+Z b ). This ratio may be made to change in such 
a way that the changes in the input voltage may be compensated. 
This can be done by making either or both, Za and Z B "on-lmea _ 
Now we shall consider the case in which Z B is linear and Za is 



368 


Hand Book of Electronics 


non-linear utilizing the beam resistance of a triode valve. The 
circuit arrangment is shown in fig. 44 (b). 



Fig. 44 (a) Basic potential divider. Fig. 44 ( b ) Triode circuit to explain 

beam resistance. 


The beam resistance is different from the plate resistance (r p ) 
and is defined as the ratio of the plate voltage e* to the plate cur¬ 
rent ib i.e. r b =eblib . The value of plate voltage e b is given by 

eb=E b b—ib Rl [from fig. 44 (b)] ...(1) 

Equation (1) shows that when plate current increases, the plate 
voltage eh decreases and when plate current decreases, it increases. 
We also know that plate current depends upon grid voltage. When 
grid voltage is zero or slightly positive, plate current is maximum 
while plate current is zero for cut off grid voltage. In this way, 
when grid voltage is zero, plate current i b is large and beam resis¬ 
tance is small. Similarly, when grid voltage is negative, the plate 
current decreases and beam resistance increases. Thus, as the grid 
voltage decreases, the beam resistance increases. For a properly 
designed circuit, the change in beam resistance is of such a nature 
as to give the output voltage which remains substantially cons- 


Circuit arrangement : The circuit 
arrangement is shown in figure 45. Let 
the voltage across the load be at a 
desired value. Then the cathode is posi- 
ive with respect to ground by a poten¬ 
tial £ 0 . By adjusting /?, the grid is 
made positive with respect to ground 

less 3 thar^F ,al TK E * '! a,WayS Fi «’ 45 ‘ Sim P ,e vacuum !ubc 

less than £ 0 The difference of£, and regulator 

adiusted^siirh 0 . potential. The valSe of E g is 

nasses aVnnatA 31 tbc tu , be ]S biasec * * n the active region and 
constant ^ current through £, to maintain the output 



Dotentia| f °m^, reaSOn fl £/ bc incrcascd - Due to the increase in 

hav^a ^en^nrv^^ nt flows A throu 8 h the tube a " d hence £ 0 will 

crid cathoHp nnfr»nf ,n i C u eaSC * As the 0 Ul P ul potential increases, the 

SSSif d ®h“L lmi,eatc "dency to decrease because E g is 

decreases and thuJh~« rCa * ° f gr ! d P otenliaI ’ the Plate current 
decreases and thus beam resistance increases. The ultimate effect 
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lha , f have a tendency to decrease. Any increase in output is 
counteracted by the circuit arrangement and E„ is brought back to 
its original desired value. 

Similarly consider that input E, decreases. Now £ 0 has a 

out put 1 po ten fiat nd s ^t oTnc Ka sT. The'omput potendaMs brought 
back to its original value. 

If the input voltage is removed, 
a high grid current may flow and may 
damage the tube and hence to limit 
this current, R * is placed in series 

erld 'ln practice, the battery is rep¬ 
laced by V. R. tube as shown in 
fig. 46 



Fig. 46. Simple vacuum lube 
regulator with V-R tube 
instead of battery. 


„ ,7 TWO STAGE DEGENERATING VOLTAGE STABILISER 
(ELECTRONIC VOLTAGE STABILISER): 

Figure 47 shows the circuit of electronic voltage stabiliser. The 
unregulated d.c. voltage from 



rectifier and filler is applied 
to the input terminals of regu¬ 
lator circuit and same is 
obtained at the output termi¬ 
nals reduced by voltage equal 
to the voltage drop in series 
control tube 7\. Tube T t is a 
d.c. amplifier and its cathode 

is maintained at » P® 5lt, ’£ Fig 47 . ElecIr0 nic voltage stabilizer. 

rrA .tLsts- mis«d«n. b,. v.r .»b. 

hvTbattery A voltage E, is applied to the control grid of ampIt- 
fi!>r tube T . The grid of cathode voltage of tube £ 2 is equal to the 
S fference of voltages £ s and E, This difference of voltages is 
amDlif.ed by d.c. amplifier with tube T, and load resistance R t in 
K The amplified voltage developed across R t appears between 

plate and grid of valve T,. 

Let us consider that for some reason, the unregulate d.c. 
increases Due to this increment, the output voltage £„ 
V0 inr-rpase The voltage £*, which is fraction of output 
vnhaVe £ also tends to increase and thus the difference (£,-£.) 
° It means that plate current of d.c. amplifier tends to 

increases. voltage tends to decrease. As the plate of T- 

mcrease and its p ate so tage t cathode yo , of 

tends.odecrease. When .be 



370 


Hand Book of Electronics 


plate current decreases, the beam resistance increases and the net 
result is that the output tends to decrease. Thus due to the circuit 
arrangement, £ 0 remains constant at the desired value. 

Similarly we can explain that the decrease in input is also 
counteracted such that output is brought back to the desired 
value. 

8 17-1. ANALYSIS OF ELECTRONIC VOLTAGE STABILIZER s 
Here we shall consider the following two cases : 

(a) Varying input voltage, ( b ) Varying load current. 

(a) Varying input voltage : 

(i) R 2 connected to the input side of stabilizer : 

Let g ml and r pX be the mutual conductance and dynamic plate 
resistance of tube T x respectively. The variation in the plate current 
/pi of tube T x comes due (i) small variation of plate voltage e p \ 
and (ii) small variation in grid voltage e gX . Thus 


...( 1 ) 


dlpi=gml e gX -\-y 1 

•p\ 

From figure 47, we find that 

dEgi = e gl =dEi—dE 0 
dE pl =e pl =dEi—dE 0 

Jr _ • _ dEq _ dEq 

rf//*1-/pl-* 8+/?4 Rl ' 

where R L is the load resistance and is assumed to be constant. 
Substituting these values in equation (1), we get 

IT—*«. (dE l -dE 0 )+ ^ El ~ dEo) - 


Ri. 


Pi 


or 


or 


or 


dEo £ r pi Km + 1 J = g»ti r pX dE\+dEi 

dE. £^+Mi+ 1 J=/xi</£i+</£/ 

/. dE — dEi+dE, 




...( 2 ) 


In order to find the ratio of , the term dE t should be 

at 0 

replaced in terms of dE it dE 0 and circuit constants. The change 
dE x occurs due to two effects : (i) voltage variation dE h and 

(ii) voltage variation dE 2 . 

The effect ot first factor is - p2 , where r p » is the dynamical 

r P 2 T /<2 
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plate resistance of tube 7V This effect is due to series circuit com¬ 
prising to R 2 and plate resistance r rl of tube T 2 . Of course, the 
voltage E s across V-R tube is assumed to be constant and hence 
does not come in picture. 

The second component is the amplified effect of input voltage 
applied between the grid and cathode of tube T 2 . If dE 0 is the 
change in output potential, then the change in the grid voltage of 
this tube is [/? 3 /(* 3 +* 4 )]^o. Let A 2 be the voltage gam of the 
amplifier using tube T, % then the change in dE x due to amplified 
signal of T« is equal to [R 4 KR 3 + Ri)\ dE 0 yA 2 . 

Thus the total effective change dE x due to both effect is 

r l>2 dEj . RjdEpAt 

X "/> 2 +/? 2 (* 3 +* 4 ) 

dE x —(t 2 dEi-\-pA 2 dEo t •••( 3 ) 


or 


where a 


r r* 


■, P= 


and A 2 = 


-p 2 R { 


(2), we have 


or 


or 


^ 0 = 


...( 4 ) 


...(5) 


‘ r*+Rt 

Substituting the value of dE x from equation (3) in equation 

, r pi («-• dEi+p At d E 0 ) + dEt 

dEi( p\* 2 + I )-f P)PA 2 dE 0 

dE 0 [(^+^ +1 

Hence the stabilization ratio 5 is given by 

dEt r,,,//?£.4- ljf(1 —fiA-t) 

*-dE 0 ' 0*.«i+» 

Under normal conditions pA x > > 1 

and n, (I -PA,) > >^ 2 +l. and hence we may write 

pi*iA m I 

The effectiveness of a circuit is determined by quantity S. 
Larger is the value ofS, better is the regulation. With a simple 
d.c amplifier 5 varies from 500 to 1000 Thus to improve 5 further 
two stages of d.c. amplifier may be used. 

(ii) R 2 connected to the output side of the stabilizer : 

Under this condition 

dE x =pA 2 dE 0 + a 2 dE 0 . •••(') 

But a* << pA 2% hence 

dE x =pA 2 dE 0 . . •• ( ) 

Substitution equation (8) in equation (2), we get 
tr PA t dpE+dE t 

dE ° - r pl /RL+Pi +1 


...( 6 ) 



372 


or 


or 


Hand Book of Electronics 


i+l j dE 0 —pipA 2 dEo—dEi 

d &=S= r g+l+n(\-PA t ). 

dE 0 Rl 


...(9) 


As pA, » 1 and (1 ~P*t) > > '+^> we have 

S=—piPAt. —( 10 ) 

In this case, the value of S is greater than previous case; how- 
ever, the d.c. amplifier is more linear and gives more gam in pre¬ 
vious case. Hence there is no appreciable difference in results of 
two cases: 

( b) Varying load current : 

(i) R 2 connected to the input side of stabilizer : 

Now consider the case in which input voltage remains con¬ 
stant but there is a change in the output potential due to the 
change in load current i.e. stabilizer has internal resistance which 
produces output voltage drop with increase of load current. Thus 
the internal resistance of the stabilizer should be as small as 
possible. The internal resistance of the stabilizer can be derived 
in the following way : 

We know that 

dl p i=gmi Csi + -r 

r p\ 

dE s i=Cgi=dEi—dE 0 

and dE p x — e pl = dE t — dE 0 

In this case dE,= 0, i.e. t e pX is very small and hence — can be 

r pi 

neglected as compared to g ml e g i. 

dl p i=g ml e g i=g n ,i (dE x —dE 0 ). 

Now from equation (3). 

dE t =pA 2 dE 0 as </£,= 0 . ...( 12 ) 

From equations (11) and (12), wc get 
dl P i=gn,i (PA t -\)dE 0 

. n _ 1 

•• dl r rg m i (pA 2 -\) 

As pA 2 >> 1, the effective internal resistance of regulated 
power supply is given by 

- 03 ) 

(ii) R 2 connected to the output side of the stabilizer : 

In this case dE x =pA 2 dE 0 + a. dE 0 

= (pA2-\-*i) dE 0 . 
dl p i=g m i {PA 2 -\-a 2 — 1 ) dE() 
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or 


= R«= 


dT pl -'" t gn.x(PA t +a*- 1 ) 

= —jn-as fSA % » (« 2 -l). 
gml PA 2 

The value of S 0 may be as small as 0-2 ohm. 

8 a 12-2. MODIFIED FORM OF ELECTRONIC VOLTAGE 
STABILIZER : 

Figure 48 shows a typical 
arrangement i.e. modified form 
of simple electronic voltage sta¬ 
bilizer. In the circuit, the triode 
working as d.c. amplifier is 
changed by a pentode because 
a c. resistance of a pentode is 
much higher than a triode 
High a.c. resistance or grid 
impedance is desirable for good 
regulation and for utilizing 
full gain capacity. Another 
modification is the use of 

* sy 



Fig. 48. 


Modified circuit of an 
electronic regulator. 

m0 H l 5n C f e 1 J°C C, increase*the ffaction of output voltage applied 
condenser Ci. C, * f b r The con( jenser also helps in 

reducing *tbe ripple^For ideal regulation and ripple free output 
,wo or more stages of amplification are used. 

8 18 ZENER DIODE SHUNT REGULATOR 

A simple shunt voltage regulating system using a zener diode 

is shown in fig-. 49- In 


10 OUV" W 

the figure, V,„ is the input 
voltage which is the unre¬ 
gulated output of a recti¬ 
fier. The principle is 
based on the fact that 
when a zener diode ope¬ 
rates in the breakdown or 


UNREGUl^TEO 
OUTPUT FROM 
RECT IFIER 



REGULATEO 

OUTPUT 

I 

_i— 


Fig. 49. 


rates in the g ° across it is substantially constant for a 

zener region, the voliag j( So _ as long as thc v0 |, ag e V,„ 

large change in curre " t y „ zener operates in breakdown 

js greater than zener voltage K.^the z ^ )oad ^ the 

WJ sSlimiting resistance R limits the input current. 

“ - °^T ifijft zcnermaS 

increases. Now t constant The output voltage V 0Ut =V in - 

risr— .«* ts rx 

sK t, aswiss — * h '°“ eh 


TED Oi/'tv* 
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the zener and voltage drop across R increases in such a way that 
the load voltage being unchanged, i.e., the voltage across R L 
remains constant. The reverse is also true. 

Limitations : (i) It has low efficiency for heavy load currents 
because there is a considerable power loss in R. 

(ii) The output voltage slightly changes due to zener impe¬ 
dance (V o:ll =V z +Iz Z z ). Changes in load current produces 
changes in zener current. 

Due to the above two limitations, the use of zener diode 
shunt regulator is limited only for such applications where varia¬ 
tion in load current and input voltage are small. 

8 19 TRANSISTOR SERIES VOLTAGE REGULATOR 

The circuit of a transistor series voltage regulator is shown in 
fig. 50, Here a zener diode and a transistor is used. The tran¬ 
sistor behaves like a variable resistor whose resistance is deter¬ 
mined by the base current. The unregulated d.c. supply is fed the 
input terminals. The circuit is known as series voltage regulator 
because collector-emitter terminals are in series with the load. 


NPN 



So long as the input voltage is greater than zener voltage V Zt 
the zener operates in breakdown region and the output voltage 
remains constant. 

Keeping in mind the polarities of different voltages, they arc 
related as 

Voul= Vz— VED 
Fixed 

Here V EB is small as compared to V z and hence K„ a ,= Kz. Since 
the zener diode operates in the breakdown region, therefore V z 
and hence V oul remains constant. 

The advantage of this circuit is that the changes in zener 
current are reduced by a factor p and therefore the effect of zener 
impedance is greatly reduced. Now much more stability in the 
output voltage is ensured. The limitation of this circuit is that 
the output is not absolutely constant because V E b and V z both 
decrease with the increase in room temperature. 
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8 20. CONTROLLED TRANSISTOR SERIES REGULATOR 
Fie 51 shows the circuit of a controlled transistor series 
regulator. Here the second transistor T 2 is employed for control 
nurooses. The circuit has an additional feature of an output 
control with the help of potentiometer Ri-R*. In fact, transistors 
Ty and To arc used as direct coupled feedback amplifier in which 
oitout voltage variations are returned as feed back to oppose the 
incut changes. The unregulated d.c. supply is fed to the voltage 
[emulator The circuit maintains constant output voltage even 
when there are variations in load or input voltage. 



Fig. 51. 

O aeration : Let us suppose that the output of the circuit in- 
rrrasef due to some reason. This causes an increase in voltage 
^rross PO (being a part of output circuit). Consequently, he 
t ^mitier junction of T* experiences a rise in voltage which 
an increase in collector current of T 2 . This current flows 
most throughTand causes the base voltage of T, to decrease. 
The decrease in base-emitter junction voltage of T, tends to deert- 
Ise the Sut voltage in such a way that the original value ,s 
restored. The reverse is also true. 

o. 21 COMPLETE TRANSISTOR POWER SUPPLY 

Fin 52 shows a complete solid state power supply. Here 
rf onlated a c voltage is applied to the primary of a transformer 
hofe secondary is connected to a full wave rectifier where two 
rTnHes D and L are used. The centre-tap of secondary is conncc- 
? H d ,oihe earth through a resistor R, (current-limiting resistor). 

hen filtered by a .-filter consisting of choke L and two con¬ 
denses cf^ it is regulated by a transistor regulator. 

?n this way a regulated d.c. supply becomes available. 

8 .22. VOLTAGE DOUBLER : 

A circuit of voltage doubler is shown in fig. 53. 

The magnitude of direct output voltage obtained by using a 
voltage duubfer is approximately twice the peak value of input a.c. 
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Fig. 52. 

voltage. These are often 
used in power supplies in 
which alternating voltage 
is directly applied to rec¬ 
tifier (without step up 
transformer). 

The two capacitors, 

Ci and C 2 are connected 
in series across the out¬ 
put terminals. During one 
half cycle of input valtage, Fig. 53. Circuit of voltage doubler. 

Ti conducts and charges Cj to peek value of input a.c. voltage. On 
other half cycle T 2 conducts and charges C, to peak value of input 
a.c. voltage. C x and C 2 supply the load current in series, such that 
the output voltage (if we assume load to be absent) approximates 
twice the peak voltage of applied voltage. 

For voltage regulation the capacitors C, and C 8 should be 
large enough to maintain a constant voltage across the output 
during non-conducting intervals of the tubes which is possibly 
only when the energy stored by them during conduction interval 
is sufficiently large. 

8-23. HALF-WAVE VOLTAGE DOUBLER 

The half-wave voltage doubler is an inexpensive method of 
obtaining the high voltage necessary for accelerating purposes in 
cathode ray tube (CRT) of an oscilloscope. It produces a greater 
d.c. output voltage than a.c. input voltage to the rectifiers. The 
circuit is shown in fig. (54a). 

.. j 0r ^. e P°. s,t ive half-cycle of input voltage D v is forward 
biased while D 2 is reversed biased and thus D l conducts (not D 2 ). 
The condenser C t charges to the peak value of secondary voltage 
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Fig. 54. 

v with polarity as shown in fig (54 a). During the negative half 

c OTis forward biased while D, is reversed biased and thus 

n V conducts (not Di). The condenser C 2 is now charged and the 

voltage across it is the sum of peak supply voltage and the vo tage 

armss C, During the next positive half cycle. D, is open. If no 

fnld is connected fcross C 2 . then both capacitors stay charged ,.e 

r 1V and C 2 to 2V,„. But if a load is connected across C„ the 

Sndrnser discharges through it. It should be remembered that 

the condenser discharges a little bit and as a result, the voltage 
the condense & course it IS recharged in the next 

lyT , The°output waveform is shown in fig. (54 *) filtered by a 

shunt capacitor. 

8 24 FULL-WAVE VOLTAGE DOUBLER 

The circuit of a full-wave voltage doubler is shown in 
fig (55 a). 



Fig. 55. 

• • h .ifrvclc of the input voltage, D x is forward 
For the positive half y and lhu$ ^ conducls ( no t A>). 

biased while D, is reve , 0 t he peak voltage K„, with the 

Now the condenser C, cnarg Durjng (he negativc half cycle, 
polarity as shown in tig. t /• reverscd biase d and thus D, con- 
Dt is forward biased 1 c js charged to peak voltage V m 

ducts (not O,). The condenser * If , here is n0 load connec- 

with polarity as shown m ng.^ vollagc will be 2K„ as shown in 
ted across the output, th P nQecledt voltage across C, and C. 

figure. But when a load is 
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are in series adding. The waveform of the output voltage is shown 
in fig. (55 b). 

The circuits of SCR half wave and fullwave rectifiers are 
shown below in figures 56, 57 and 58 respectively. A practical 
circuit of SCR half wave phase control is shown in fig. (57). 



Ml 

Fig. 56. Half wave SCR circuit. 






n» 

Fig. 58. Fullwave SCR Rectifier. 

NUMERICAL EXAMPLES 

1. A ripple voltage having the shape shown in fig. (59) has the 
peak to peak value equal to E R . Find its r.m.s . value. 

The triangular wave is represented by 
e=A+Bt, 



Rectifiers and Power Supply 


379 



where A and B are constants. The values of A and B can be ob 
tained by applying the following boundary conditions : 

Er 

when /=0, e =— 

Er 

and when t=T y e= — y 


Applying these conditions 


A = 


E * and ~^=^+BT 


or 


B= — 


Er 


Hence 


Er Er 

*”1 ~f '• 


(f -f-' )’* 

= r U 


or 




ft 2 
r 

£r 

2V3 


IT 

T T 3 JZ 

H + $fl ~~>T 


+ 3P 


IT J 12 


2 - 

°is 'connected across 'he primary of the transformer. Calculate 
(i) i/ ie ratio of the transformer. 

i n the peak inverse voltage, neglecting the valve reststance 
(it) me p vahg resis ,ance />= 500Q, determine the 

voltage Z'ltion Hith specified fall load d.c. current of 100 mA. 


(0 


E d c = !^=400 volts 
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£ m =400 X n= 1256 volts. 


1256 


The R.M.S. value of secondary voltage=-^ 2 " = 887 voIts * 

887 

Turn ratio w= 23 o" =3 ’ 86 * 

(//) Peak inverse voltage £ m =1,256 volts. 

(ill) Tube drop at full load=/*.*. r p 

= 100 xl0- 3 x 500=50 volts 

Ed . e • (at no load)=400 volts 

E d . e . (at load)=400—50=350 volts 

400-350 1 

voltage regulation = —^-=y 

100 

%voltage reguIation=-^— = 14*3%. 

3. A voltage 200 sin 100rr/ is applied to a half wave vacuum 
tube rectifier with filter. The diode resistance of valve r d = 1000 
ohms. The resistance load is J 0 4 ohms. Calculate 

(a) Maximum current flowing , ( b) average value , (c) r.m.s. 
value , (d) a.c. power input , (e) dx. power output , (/) ripple factor . 

(а) Maximum current 7,.=^=^^ 

= 18 8x 10~ 3 amperes. 

(б) Average valve 7,/. c .=^= * =571 mA. 

(c) The r.m.s. value 10 ~ 3 

=9 09 mA. 

(d) The a.c. power input P m (r rf +7?) 

=(909) J (1000+10‘).10- 4 
=0 909 watt. 

(«) The d.c. power output P d . c .=I d . c . 2 R 

=(5'78)*x 10 4 x 10~° 

=0 334 watt. 


(/) Ripple factor y= ft* *—1 | 

%/{&-} 

=#)■-} 


= V((l-57)*—1} 

= 1 - 21 . 
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d In a full vacuum tube rectifier without filter, the load 

‘^corresponding^to^a «££*f » 
applied to each diode is 240 w lOOrrr. Cafcufote 

(a) peak, average and r.m.s. values of current, 

(b) d.c. power output and total power input, 

(e) rectifier efficiency, 

(d) form factor, 

(e) ripple factor. & 

(a) Maximum value of current 

. I _ 24( L-.= 50x10-’amp. 

•• '"“800+4000 

=50 mA. 

, , , L 50x2 

Average value of current li e- „y 2 3-14 

=3184 mA. 

I m _50_ 

7/2"— 1-414 
=35-36 mA. 

_ D. — 

(b) 


The r.m.s. value of current 


The d.c. power output 10 .. x4000 

=4 056 watts. 

Total power input /> '"l[5' 5 r^ ) ^ 0 ( ->??(800+4000) 

=6 001 watts. 

m • P ' <- 
( C ) Rectifier efficiency T t = ~p^' 

. 125® X 100 percent=67-59 percent. 

6001 33-36 


h 


- = 111 


(d) Form factor = = 3 , . 4g 

lJ(l,.m s.y _ I 1 

(e) Ripple factor Y=J\jI^T J 

=-v/{(l*l *)*—') 

s . ^ 

* «*■ f"" 

desired result. 

We require 100 

£,,.,.=300 volts. 
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tt • • a ad E <t-c- 330x 10 3 ~ ftftno 

Hence resistive load /?=-=—=——=3000 j2. 

lj. c . 1UU 


We know that 

y= 6V2 <u 2 IC 


1 


ripple 


Now Z.C= 


1 


Ed- c. 

“3^-35 “ £ '—' 0F 

l 


6^(2) a,*y ”6V(2) 4n*.p.y 

1 


We also know that 
R 


6^2.4^ X 2500 Xy 
, r _ 30 

6^2x40x2500 


for /=50 c/s. 


...( 1 ) 


LfrlticaI 

Le¬ 

tt 


R 


’3« 3. it./ 
R 


942-8 
3000 
942-8 
From equation (1), 

C= 


(for the frcquency=50 c/s.) 
=318H. 

30 


6\/2x40x2500xL 
30 x 10* 

”6 v '2x40x2500x3-18 /z/ ' 

= 1126 pF. 

Hence R=3000£, L=318H, and C=ll 26/zF. 

. 6. (a) A full wave rectifier with inductor input filter is fed 
with 50 cfs. supply. Calculate the ripple factor (/) single section 
(//) two identical sections if L and C of the filter are 10 H and 20 pF 
respectively. 

(b) Show that in a full wave rectifier with choke input filter 
the ripple factor for a 50 c/s supply is given by an approximate 
expression y= 100/Z.C„ f %, where L is in henrys and C> is capaci¬ 
tance in pF. 

W / } Ve know that in full-wave rectifier with inductor 
input filter, for a single section 

0-47 

y 


(4w 2 /,C — 1) 


0-47 


047 


‘ {4(27t50) 2 x 10x20x 10"® — 1} “[79-1] 
= 000603=0*603%. 
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0-47 

(ii) For two sections filter Y=^ u) t L c-\Y 

Q ’ 47 —=0 0000773 
[79-1]* 

=000773%. 

(b) We know that y= (4(u «Jc-if x l00% 
when 4a > 2 LC > > > 1 

S& x,00% 

0-47x100 _ 

“ 4 x 4 ir x 50 x 50 x £ x x 10"' 

0-47x100 
—6 126 LC fT 
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LC,f 


%• 


7 A full wave vacuum tube rectifier has an inductance input 

current flows ^ r0 ^ h the cy eK ) wnce y 0 f inductor is 

second hormon e may be' > araUe i combination of C 

much greater than the t *J£ r than * L . The applied 

and RlAIv) reactance f calculate also the critical value of the 

:'siTo,!:L cl ,i. ss est <.» 

The rectified voltage is given by 

am 4 P 


*0 = 


2E m 4 E 


-2- cos 2 wt 


r 

The r.m.s. value of the current through the circuit is given 
RMS voltage value of second harmonic 

K. of supply fre quency___ 

/fl.e*= choke impedance of the circuit 



4 Een 


Al DA L • • u 

The a.c. potential across the load or condenser ,s given by 

r _ j Xr— — ~~ Ac. 

Ed.f=Joc» AC- 3 v d ‘ 


3AT* 

Hence ripple factor 

E../. x/2 Xc 


</2 
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V2 1 

“3(4tt. 50) 2 (30 x 10 x 10~ 6 J 
-=0*004. 

For critical value of inductance, the peak a.c. current equals 
the d.c. component of current so that 

Ed. c - 4 E m 2 E d .,. 

2 ttRl 2 irRi 3 Xl 



Hence the critical inductance 


, 2 R l 2x 8 x 10 3 

c 3x2a, ~3x2x(27rx50) 


= 8 5 Henrys. 


8. Design power supply using a n section filter to give d.c . 
output 250 V at 50 mA. with a ripple factor not to exceeding 01 
percent. 



= 5x 10 3 n. 


y(percentage ripple factor)= 3 300 *- 

’ C,C t xLx 5xl0 3 

66 


LC,C, 


According to the question, 

66 

LC x C t ~ 0 * 01 * 

66 

jTqz = 0 01, as in practice Ci=C 2 . 


...( 2 ) 
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LCS 


66 

001 


= 6600 . 


...(3) 

— uui 

To find L and C„ we shall have to substitute the value of 

elthe Suppos?Z-=20H and its ohmic resistance ^=5000. 

C, ! x 20=6600. 

C,= 18 1=20 m F (say) 

Voltage drop in choke=/j-<.x/?t 

50x500 =25V 

1000 

Rectifier output voltage^before^ration 

E„. C -=VlE.-Id-c + 

50 / 10® i 500 \ 

250=V2£.-ioo6V4760 x 20" r ) 

= y/lE,- 56-25. 

V2E,= 250+56-25 = 306-25 

E = 216 - 5 = 200 K (say). r 

„ d iSttJrt&zs », 

r. r= = 200 Kand £flc—300K. 

Peak inverse voltage (P.I.V.) of a full wave rectifier 
=2x275=550K. 400 x 50 _ ?n w 

Wattage of transformer secondary-- l00 

MM aw-* “ -““I “* 8oy - ,h “ ,r “ s,or ‘ 

20 _ -yc\u 

mer primary wattage=^-«' • 

25x1000 = , 14mA . 

Primary current i p - 2 20 

9 . £!&i: 

" 250 

r.m.s. 

We know that 

Ej.'. = Uc*R= 


, _ _ 


..(1) 

-( 2 ) 
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—R 

/</./ • ...(3) 

Substituting equation ( 1 ) 
in equation (2), we have 




(&+») 


77 Ed- c •+ nra-Id-c = E t 
*Edf = E m — nr d .I d . 



Fig. 61. 


F. __E m —ir1 d . c r«/_£ m r 

^- I - r —tdc- Td . ... 

w w ...(4) 

This is the voltage output on full load. 

— is the maximum voltage under no load condition which is 

applied to the input of the rectifier or the maximum voltage which 
the transformer secondary develops. 

Voltage regulation 

= r~ ( " 0 E?~ Edc au " —] x loo, 

L (full load) J 

E ic (no W)=-=^ £ ' '"- , 

TT IT 

where E,. a .,.^x. m.s. value of input voltage=230K 
£ 

Ed‘C-itulUoad)~-^ — I d . c . r d 


in7 85x500 

l 07 ~nr =,07 - 64,7 = 645 v. 


Regulation = (^y—) x 100=65-8%. 
Rectification efficiency 


40-6 


4f- c . r d 
Ij.c B 


KT 

„ 40-6 40-6 r„] 


/vr 

Ed.c- 


1 + ^±£1_ £ m 


r d 
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40-6 [|=— 


= 40 - 6 ^ 


42'5 X 3-14 


■j since 


. 1-414x230, 

r=40'6 (1—0 - 41)=40'6x0'59=23'954 percent. 

amsjr&tzsizi L r », -«,■ ** 

across each diode during conduction is 1U \olts. 

Calculate : 

(a) maximum value of the current , 

(b) d.c. currents , 

(c) d.c. power output , 

(i/) rectifier efficiency , 

(а) Maximum value of the current / m . 

£ m -£ o _40^ z 10 == 390_ =97 . 5inA . 

J ' n ~ R 4000 4000 

(б) The d.c. current I d .,. = 2 ^('“J £^) 

400 I. 3'14x 10 \ 

000 V~ 2x400 ) 


= 2 . 


3-14x4000 


2 /, 3*14\_ 2_/76^6 \ 

"3F41 1 80 / 31’4\ 86 ) 

= 5 i_x 0-26=61 mA. 

The d.c. power output 

=/> (/ . e .=W*x£=(61)*xl0- # x4000 watts 

=2 684 watts. 

The rectifier efficiency 


(d) 


,=8l-2(l-l‘87 |.)%=8-12(l-l-87x^ 0 ) 

=81-2(i-^)=81‘2 (1-0046) 


= 81*2x0-954 

,1. In the voltagestaMUWs of. 

age source hai J nterna JThe load resistance is 1000Q. 
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reversal. Dynamical plate resistance of d.c. amplifier tube is 300 
kilo ohms. Resistances R 2 , R 3 and R 4 are 300 , 200 and 200 kilo- 
ohms respectively. Calculate the stabilization ratio and the effective 
internal resistance of the stabilizer. Also calculate the variation in 
stabilized output voltage if the load current is increased by 200 mA. 
and no load input d.c. voltage to the stabilizer is increased by 10 
volts. 

The stabilization ratio is given by 
(**!«*+1) 


where 


o Rj ,_200 x 10 s 

P R3+R4 200 x 10 3 +200 , x 10 3 U 

— r » -300 x 10 s _ 

2 r Pt +R 300x 10 3 +300x 10 3 ~ U ° 

A 2 =~40 and /x, = 5 

c 5 (I +0*5x40)+! + 500/1000 

'• 5= -(5XO-5+1)-= 30 ' 4 

Effective internal impedance of the stabilizer is given by 


Rn'- 


Rs 


1 


6 * r gn,l(\-pA t ) 
1 


100 


.- + 


304 5/500 (1+0*5x40) 

= 3-2+4-7^7*9 ohms. 
Change in output voltage is given by 

dEo=^§'-di, R 0 ' 


10 


•0-2x7-9=0-32-l-58 = -l -26 volt. 


30-4 

The output voltage is thus decreased by 1-26 volts. 

ofdnvr 1 !!. “ h0l/ WaVe th / ra,ron rectifier circuit, a voltage source 
circuit ls ' on ". ec,edm series with a load of 400Q in the plate 

a 60° nr,l ,t Bnd V0 , r ge f ad J", s,ed s»eh that the conduction starts 

%tLt^ters a fCaChCyde - Ca,C " lale "‘ e readingS * the 

(') a c ■ ammeter in series with the load, 

(ii) an a.c. voltmeter across the tube, 

("') a wa "meter connected to read the total power in the plate 

due,"on period dr ° P “ 15 V0,,S dur ‘ ng COn ’ 

According to the given problem 

E m = 230^/2=326^ and E 0 =5V 

Em there win be very little error if conduction is 
assumed to continue upto the end of each positive half cycle. 
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The instantaneous plate current during conduction is 

230^2 sin wt- 15 n 
i b = --—- n/i^wt^ v 

=0-8125 sin co/-0-0375. 

The a.c. ammeter will read the r.m.s. value of current which is 

Irm .,J ijf (0-8125 sin iof—0-0375) 1 d(wt) |J 

*" ' "11/1 
(0-660 sin’eof—0"061 sin wt +0-00141) d(wt )J 

0-134—0 0146+0-0005 J’^0-35 amps. 

If voltage drop is negligible, then 


r . ==[![ r (0-8125 sin 
L 2tt ( J tr/3 ' 


|l/2 


sin wt) 2 

={0133} l/2 =0-364 amps. 

The a.c. voltmeter will read the r.m.s. value of voltage which 
is given by 

Er ”-=\sir (230V2 Sin “')‘^>+L< 15) ‘ d(W,) 

+Y (200V2 sin Wt) d(wt) |J ' 

Solving it we have 

£ r .,. ,- = l 78 vo,t 

The instantaneous power=e, it 

• h d(ojt) 

2n) if/3 

__L f” (230 \/ 2 sin “■') (0-81 sin wt-0 0375) d(wt) 
2wJ w /3 

=50-5 watls. 

13 In a t livr air on circuit the plate supply voltage has a peak 
value of 600 volts. Constant voltage drop in the tube duringconduc- 
' is 12 volts. Load resistance is 5,00012. The ent,cal gnd voltage 
curve is then such that for grid bias of -2 and-3 volts, the angle 
0 of initiation of current is 10 W 20 degrees. Calculate the average 
value of load current under these bias conditions. As angle $i is 
'increased, find the value oft, which gives maximum value of average 

plate current. . . 

Instantaneous plate current /& is given by 
E,n sin wt-Eo 600 sin wt-\2 
4=-- 500 

and average load current is given by 

4 d(u,,) 
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0!=1O or 20 degree 

••• 

= 2^1 [ C0S 0,+C ° S (—] 
(/) When 0i=lO degrees 


Id.*' 


600 


{* 


9848+0-9998 


12 / 

600\ 180 )] 


2ttx5000| 

Solving we have 

I d e .=0-0038 amps. 

(//) When 0 2 =2O degrees 

<--dna«a[ w( '-Tiff)] 

=0-0368 amps. 

7j. c . is maximum when 0 X =O 

■■•(''■»)-»-2r“oo['+0' M 9 8-^(>-w)] 

=0 037 amps. 


EXERCISES AND PROBLEMS 

1. Draw the circuit diagram of half wave vacuum tube rectifier. Explain 
the operation of the rectifier. 

2. Derive expressions for rectification efficiency, ripple factor and voltage 
regulation of a half wave vacuum tube rectifier with resistive load. 

3. Draw the circuit diagram of a full wave vacuum tube rectifier using a 
power transformer with centre tapped secondary for use of a radio recti¬ 
fier and give waveforms of current and output-voltage. 

4. Derive expression for d.c. or average value of current, R.M.S. value of 
current and average voltage across the load for a full wave vacuum 
rectifier with resistive load. 

5. Derive an approximate expression for a ripple factor in a full wave 
vacuum tube rectifier with resistive load. 

6. Show that a full-wave rectifier is twice as efficient as a half wave recti¬ 
fier. Calculate the ripple factor of single phase full wave rectifier. 

7. What is the necessity of having filter in power supply ? Obtain the 
ripple factor of a full wave rectifier with shunt capacitor filter. 

8. Derive an expression for the ripple factor in a full wave vacuum tube 
rectifier using inductance input filter. 

9. Derive an expression for the output voltage in a full wave vacuum tube 
rectifier using capacitor input filter. 

10. Explain the working of half wave and full wave voltage doublers and 
discuss their relative merits and demerits. 
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11 . 

12 . 


13. 


14. 


15. 


16. 


17 . 


[Ans: (b)J 
half wave 


Draw a circuit of an electronic regulator and derive an expression for 

its regulation sensitivity. . ... 

Differentiate between half and full wave rectification. State where half 
wave rectification may be used and the purposes for which it is not well 

adopted. . . . . ... 

In a full wave rectifier, the most negative point in the circuit is 

(a) the centre tap on the high voltage secondary, (b) chassis ground. 

(c) either cathode, (d) either plate. (Aos : (a)] 

What is the frequency of the ripple voltage at the output of a full wave 
rectifier operating from a 50 cycle supply ? 

(a) 50 cycles, (b) 100 cycles, (c) 150 cycles, (d) 200 cycles. 

Select the correct advantage of a full wave rectifier over 
rectifier 

(a) the output voltage is lower with more ripple. 

(b) the tube will conduct during both halves, 

(c) ripple frequency is lower, 

d) each diode can coo! off during half of each input cycle. 

In comparison wilh an RC power supply filler, a filter with a choke 

(a) less filtering action and larger d.c. voltage drop. 

(b) more filtering action and smaller d.c. voltage drop. 

(c) more filtering action and larger d.c. voltage drop. 

(d) less filtering action and smaller d.c. voltage drop. [Ans . (b ) 

One'advan'age”of using a choke input L.C. filter for a power supply ,s 

that the , 

(a) circuit has a good voltage regulation. 

(b) d.c. output voltage of the filter is higher. 

(c) a c. Input voltage is increased 

(d) direct load current is increased. lADS ' 14,1 


[Ans: (b)J 





BASIC AMPLIFIER PRINCIPLES 


One of the most important functions of electronic circuitry is 
amplification. In fact, were it not for this property, many other 
specific circuit function would not be possible. For example, 
oscillators to produce sine waves, square waves, pulse, or any 
other desired waveshapes, would not be possible except for the 
amplification properties of the circuit components. 

A device by means of which amplification is affected is known 
as amplifier or an amplifier may be defined as a device that in¬ 
creases the voltage, current or power of an input signal with the 
aid of vacuum tubes or transistors by furnishing the additional 
power from a separate power source. 

In the study of characteristics of vacuum tubes, (triode, tetrode 
and pentode), we have seen that the plate current depends upon 
the voltage of the control grid provided all the other voltages are 
kept constant. Any variation in the grid voltage produces corres¬ 
ponding change in the plate current. When a load resistance is 
connected in the plate circuit, the plate current variation will pro¬ 
duce a corresponding variation of voltage across the load. Consi¬ 
der the case of a sinusoidal voltage, applied between the grid and 
cathode, then the sinusoidal voltage, changed in phase, will appear 
across the load. This output voltage is much greater than the input 
voltage. Thus the circuit gives the voltage amplification. 

91. SYMBOLS FOR VOLTAGES AND CURRENTS : 

(a) When no signal is applied, then the voltage and current 
are indicated by capital letters £ and / respectively. In this case 
subscripts b and c arc used for plate and grid respectively. Thus 

E b , £ c —represent no-signal plate and grid voltages respectively. 

4, 4—represent no-signal plate and grid currents respectively. 

(b) (i) Instantaneous values of varying voltage and current are 
represented by small letters e and i respectively. Subscripts g and 
p are used for grid and plate respectively. Thus 

represent instantaneous values of varying components 
of grid and plate voltages respectively. 

h» represent instantaneous values of varying components 
of grid and plate currents respectively. 
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(it) Instantaneous total values are represented by letters e and 
/ but they are followed by subscripts b and c for plate and grid 
respectively. Thus 

e by ec —represent instantaneous total values of plate and grid 
voltages respectively. 

i bt i ( —represent instantaneous total values of plate and grid 
currents respectively. 

(a) no signal component or d.c. component and, 

(b) instantaneous value of time varying component. 


9 2. BASIC VOLTAGE AMPLIFIER : 

The basic circuit of a vacuum tube amplifier using atnode IS 
shown in figure 1. The figure also shows the symbols for different 
electrode voltages and currents. 



Fig. 1. Basic vacuum lube amplifier. 

Tn the basic circuit of vacuum tube amplifier, the grid of the 
.riode is always kept negative with respect to cathode by means of 
fd bias voltage £«. The voltage e, to be amphfied ts connec cd 
6 , terminals T, and T, in series with £„. The voltage e, ts called 
InaTvoltage and in general is periodic. On the plate side a 

H r oltaec ^ is applied between plate and cathode through a 
f d^mnedanct The voltage £«, is called plate supply voltage 
ami jtTpositive terminal is connected to the plate The load impe¬ 
dance may be a pure resistance, a complex impedance or a tuned 

circuit. . 

Now the question is : Why is the bias battery necessary in the 
.. rin-uit ** To explain this, let for a moment.it be not there and 
fr siana voUage e . is applied alone to the grid. The will w.l be 
£rnftelv nosufve and negative inaccordancc with the applied 
3 ‘ na |Whenever input signal goes positive, a grid current will 
n 8 w Lt from the grid, which not only distorts the linearity of the 
tube characteristic^and thus leading to distorted amplification, but 
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also requires a certain amount of power, which is extracted from 
the input signal. This is an undesirable result. Hence the bias 
voltage of sufficient magnitude and of such a polarity as to main¬ 
tain the grid negative or at zero voltage is applied. This is the 
function of grid bias in the grid circuit. 

Now we shall see that what happens in the plate circuit when 
the grid to cathode voltage goes through one cycle of its operation. 
When the heater voltage is applied to the beater, the plate current 
will flow and will continue to flow as long as the a.c. signal voltage 
is not sufficiently large to drive the tube to plate current cut-off. 
Hence the plate supply voltage E bb is so chosen that even for the most 
negative value of grid voltage the tube does not reach plate current 
cut off. This is the necessary condition for all voltage amplifiers 
to obtain linear distortionless amplification. 

In the absence of signal voltage (e*= 0 ), the grid voltage is 
constant at value E ec . Now a constant plate current I b flows in 
the plate circuit. Due to this plate current a voltage drop I b Zl is 
produced across the load impedance, i.e., voltage drop depends 
upon the plate current which, in turn, is controlled by grid voltage. 
On the amplification of signal voltage, plate current varies in- 
accordance with the variations in signal voltage. The a.c. compo¬ 
nent of plate current flowing through load impedance develops 
the amplified output voltage. 

9 3. VACUUM TUBE AMPLIFIER AS A LINEAR DEVICE : 

In the description of a vacuum tube amplifier, it is assumed 
that the a.c. component of the plate current is proportional to the 
input signal voltage. This shows that the amplified output voltage 
is proportional to the input signal. If the signal amplitude is 
doubied or tripled, the amplitude of output also gets doubled or 
tripled respectively. Thus we can say that the vacuum tube 
amplifier is a linear device. This is only possible provided the 
characteristic curves of the tube are linear. As there exists consi¬ 
derable non-linearity in the tube characteristics, hence such a 
condition is not satisfied by any tube. When the grid signal, a c. 
plate current and plate voltage are small in amplitude with corres¬ 
ponding d.c. quantities the characteristic curves may be treated 
almost linear. Then the vacuum tube amplifier may be treated as 
a linear device. 

9 4. ZERO SIGNAL OR QUIESCENT OPERATION OF 
VACUUM TUBE AMPLIFIER : 

When no input signal is applied, the operation is said to be 
quiescent. Figure (2) shows the circuit arrangement of a vacuum 
triode under such condition. In this case, there is only grid bias 
voltage E cc in the grid circuit and plate current and plate voltage 
have d.c. components. Because no signal is applied e c =E c =Ecc- 
The supply voltage E bb and grid bias voltage E ce are so adjusted 
that there is some plate current / 6 =/ 6 flowing in the plate circuit. 
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The value of the plate current can easily be determined by 
graphical method using the static characteristics of the tube. 

To analyse the operation 
under zero signal condition, 
we apply Kirchoff’s voltage 
law to the plate circuit, and 

get 

eb-\-ib^L=^bb 

. Ebb Cb /,* 

h— n - •••(*) 


or 


Rl 


- 

In equation (1), there are two 
unknown quantities e b and 4, 
Therefore, this equation is 
insufficient to determine the 
plate current 4 and the plate 


-Ts 

-y e - 

T 

L.LI—I - 




£ bb 

of a vacuum 


f cc 

Fig. 2. Circuit diagram 

piate curicui ... triode under zero signal operation. 

voltage e b . Another equation which relates these two quantities is 
required. Since the plate current is the function of the p'ate vol- 
tage and grid voltage, the plate characteristic of the tube may be 
represented by the following relation : 

/»=/(*., **)-/(£«. e>). - ,2) 

From equations (I) and (2), we have 

f (E«, e„)=^±- - (3) 

It is now required to find the value of /. and e,, 'hat satisfy 

pcc^to'el'^s 1 not de'finite'ly^p'edfied by equa^ton (2), the^olution^of 

saa » za* — ...» 

mGHTMNDs/oe q.=0e =4=/f c 

/ • 

• • 

S_' • 

—— - > 

\ / LEffNANO 
J S/OE of (3) 

/ ( CHAMCT£fVS7lC) 



Fig. 3. Zero signal operation 


of a triode valve with resistive load. 
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equations and finding the point of intersection. This is shown in 
figure (3). The curve corresponding to equation (1) is a straight 
line which cuts the current and voltage axes at points M and N. 
The coordinates of these points may be obtained by putting e$=0 
and 4=0 in equation (1). The coordinates are (0, EbbtRi) and 
(Ebb, 0) respectively. The straight line MN is known as load line 
and the reciprocal of the slope of this line equals the load resis¬ 
tance Rl. The point Q where the load line for R L and the charac¬ 
teristic for e c =E cc intersect is known as the quiescent point or the 
operating point. The ordinate of this point Q gives the zero signal 
plate current I b for grid bias E cc , plate supply voltage E b b and load 
resistance R L . The abscissa of the point Q gives the zero signal 
plate voltage E b . The zero signal plate voltage 24 differs from the 
plate supply voltage Ebb because of voltage drop in the load. 

If the grid supply voltage E cc is changed to a new value (say 
£<rc=0), then the operating point moves along the resistance line 
to the new position at the intersection of the load line and the 
corresponding new plate characteristic as is shown by Q x . If the 
load resistance R L is changed to some value R L \ the load line will 
still pass through the point N but gets tilted up or dov/n as to 
intersect the current axis at point E b b!Ri!• 

9 5. WORKING OF VACUUM TUBE AMPLIFIER WITH 
SMALL a.c. GRID SIGNAL : 


The basic circuit of a vacuum tube amplifier with small a.c. 
grid signal is shown in figure (i). This circuit is different from the 
circuit of figure (2) as a voltage to be amplified, e g known as 
grid signal voltage, is applied at the input in series with E cc . The 
voltages hub, and E ct and the load resistance Z L =/? L arc so chosen 
that the operating point lies over the linear region of the charac¬ 
teristics. Amplified output vollage appears across the load resis¬ 
tance. The objective of this article is to study the relation between 
the amplified voltage and grid signal voltage by graphical means. 

The instantaneous grid signal voltage e, may be expressed as 

e t =E,m sin wt. ...( 1 ) 

' s . ,h ® a "S ular frequency. o,=2»/, where /is signal fre¬ 
quency in hertz L„ m is the amplitude of grid signal/ 

rn rrnicHni lal i ri u- t0 ca ‘ hode voltage c, consists of two parts: 

o ZT.ZZu / V0UagC E,C ~ E ‘- and (ii) a.c. signal voltage 

oi instantaneous value ei.e. ° 

e c~E c -\-e t . n) 

londm'n inrr'lm'' 0 !' 3 - 86 is ’l 105 an incrcmenl in <V It causes corres- 

dennied hv / S m '° ta P ' aIC eurrent >'■ and plate voltage e„ 

nfate nn?r y .n; " d ep f cs ' , 1 cc,,ve| V- Thus the total instantaneous 

qU f S he no s 'S nal Plate current l b plus the 
incremental or a.c. plate current i p , i.e., 

4 =/&+/«. 


...(3) 
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Similarly, total instantaneous plate voltage e b is the sum of two 
parts : (/) zero signal plate voltage E b , and (//) incremental or a.c. 
plate voltage e p i.e. 

e b =Eb+e p . ...(4) 

The graphical construction of the variation of plate current and 
plate voltage due to the application of grid signal is shown in 



Fig. 4. Operation of the amplifier with sinusoidal grid signal. 


figure (4). Hence it is assumed 
that the plate characteristics for 
different grid voltages arc equally 
spaced for equal increments in 
the region cut by the load line. 
Under zero grid signal, Q is the 
point of operation and steady 
state grid bias E c —E Ct » The 
points a , b, c> d and e of the out¬ 
put current and points ab\ c\ 
d' and e' of the output voltage 
waveform correspond respecti¬ 
vely to the points A, B, C, D and 
E of the input grid signal wave 
form. At the positive peak value 
of the grid signal, the grid vol¬ 
tage 

e c =E C i= E cC -|- E gm 
and the operating point shifts to 
Q x . The total plate current now 
becomes large while at the same 
time the plate voltage becomes 
smaller. At the negative peak 
value of the grid signal, the grid 



Fig. 5. Waveform of a.c. grid 
signal, a.c. plate current 
and a.c. plate voltage. 
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voltage and the operating point shifts tog,. 

The total plate current now becomes smaller while at the same 

time the plate voltage becomes larger. It is clear from the figure 
that plate current cycle is in phase with the grid voltage cycle where 
as the plate voltage cycle is 180 degrees out of phase. Hence 
i p =Ipm sin cot . 

and e P =E pm sin («f+180)=-sin cot ...(6) 

This shows that whenever the a.c. grid voltage increases, the plate 
current increases but the plate voltage decreases, figure (5) shows 
the grid input waveshape and corresponding plate current ano 
plate voltage waveshapes. 

The a.c. current and voltages enable us to determine the am¬ 
plification property of the amplifier. 


9-6. DYNAMIC CHARACTERISTIC : 

In figure (4), we have seen that the load line cuts the plate 
characteristics in point corresponding to different values ot e e , 
These points are marked Q u Q and Q z . The coordinates of these 
points give us the value of plate current it corresponding to diffe¬ 
rent values of the grid voltage with a load resistance Rg,. If we plot 
these values of the plate current against the corresponding values 
of grid voltage, the curve so obtained is called a dynamic charac¬ 
teristic of the tube circuit as shown in figure (6). The difference 
between static characte i.tic and dynamic characteristic is that 
static characteristic ro^cerns with the tube alone while dynamic 
characteristic conc£i„>* with tube as well as associated circuit. For 
small values of plate current, the static characteristics show mark¬ 
ed non-linearity while dynamic characteristic may be linear if along 
the load line the plate characteristics are equidistant for equal 
increment of grid voltage. The dynamic characteristic enables us 
to obtain directly the output current for a given input signal. 



Fig. 6. Dynamic characteristics. 
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9 7. EQUIVALENT CIRCUIT REPRESENTATION FOR 
TRIODE AMPLIFIER : 

In many electron tube problems, we generally require values 
of i p (a.c. plate current), e p (a.c. plate voltage) for a given e g (the 
instantaneous grid voltage). From the static characteristic of the 
tube, such an information can be obtained with sufficient accuracy, 
if the potential variations are not small. But when the potential 
variations arc small, the information, thus obtained, is not accu¬ 
rate. For small signal variations (as in most amplifier performance) 
the tube graphical characteristics can be taken as linear and in 
such liner regions one can assume the values of tube parameters 
r p and g„, to be almost constant. 

Voltage souree representation : Since the anode current is a 
function of e c and e b the instantaneous grid and plate potentials, 
we can write 


4=/ ( e c , e b ) 



For practical cases, change in i b should be finite and let it be 
represented by A. Therefore, 


A • % A . ^4 A 

ai *~de t Mc+ Ze b M ‘’ 


For the constancy of /z, r p and g„, it is essential that A changes 
be confined to linear region of the graphical tube characteristics 
and then we can put 


dik . 

T-=g m and 
de c 


£4 = ]_ 
de b r p 


Ai h =g m Ae t +^-.Ae b . 


Now the components o fei„e< and 4 which vary are e„ (a.c. 
out put) e g and i r . So 

Ai b =i pt Ae,=e g and Ae b =e 0 

• • lp = Sm^gA~ ~ .e 0 
•r 

or —pe g +i p r p =e 0 

This equation suggests that the triode can be replaced by an 
equivalent voltage generator \ie z with positive terminal to the 
cathode plus as internal resistance r p . The equivalent circuit is 
shown in fig. (7). 

When the grid voltage is sinusoidal, the effective or r.m.s. 
value of the voltage and current may be used in place of the 
instantaneous values of the same. Using r.m.s. values 
— ftE^-Flp r p = =Eo 



400 


Hand Book of Electronics 



Fig. 7. Amplifier tube as a constant voltage generator. 

The same equation can be obtained if a mesh [fig. 8] be cons¬ 
tructed for current I,. It, therefore, suggests that triode can be 
replaced by an equivalent voltage generator nE g with positive ter¬ 
minal to cathode plus an internal resistance r p [fig. 9 (a)]. The 
same representation is depicted in fig. 9 ( b ). 




Fig. 8. Mesh Construction. Fig 9. (a) Equivalent circuit representation. 



F'g. 9. (6) Equivalent circuit representation. 

, An alternative approach to this equivalent circuit is to replace 

V'u r y a aerator developing a voltage — uE s acting inside 

shown L f 01 ^q C / 1 \*° d j toward the plate and internal resistance r p 
shown in fig. 9 (c) and fig. 9 (, d ). 
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Fig. 9. ( c) Equivalent circuit representation 
r r^orf^ntation PLATE 


The latter representation PUvt -. 

very well accounts for the I I 

phase change of lBO degrees %% i 

between the grid and anode GR'O. Q 

potentials. .j .1 ^ 1 

Thus for a region of Eg T; Q | 

graphical tube characteristic •_.j-1 

in which p, r p a ° < ?£? arC ^°u e Pig 9 (,/) Equivalent circuit 

SStJW arSuiv^S ( reprcsenlaiion. 

VO, Turr. C ^ C e U represen.a«ion : The equation 

— pEg+lpTp—Eo r ■“'J_ 

can be put in the form /X\ < 

-• E ' =I '-r- rvw r t 

gJ K ~ ’ r - L-hI—I— 1 1— 

The equation, obviously, 

corresponds to a circuit shown jriodc amplifier. 

Ranches wA current va.ue of and 
—Eo!r p . _ n 




Fig. 10. Triodc amplifier. 


W it 


? 4 t 


I_-—- 

Fio 11 Current source equivalent circuit. 





402 


Hand Book of Electronics 


flow is same as the direction of original voltage generator. This 
type of circuit equivalence is best suited for pentode tubes. 

Rules to draw the equivalent circuit: 

In order to draw the linear a.c. equivalent circuit of a vacuum 
tube circuit, the following simple rules should be followed : 

(0 The actual circuit diagram of the vacuum tube circuit 
should be drawn neatly indicating the point G, P and K corres¬ 
ponding to grid, plate and cathode. 

(/'/) At the start of drawing the a.c. equivalent circuit, G, P 
and K should be located with relative positions of original dia¬ 
gram. 

(iii) A voltage generator with potential f*E g and resistance r„ 
should be inserted between P and K. Here E, denotes the r.m.s. 
value of the a.c. grid cathode voltage of the tube. 

(i*v) All the circuit elements except tube and d.c. sources 
should be transferred from the actual circuit to the equivalent 
circuit. It should be remembered that the relative positions of the 
transferred elements should not be changed. 

. AH d.c. sources should be replaced by their internal 
resistances, if any. 


9 8 GAIN OF A SINGLE STAGE UNTUNED 

LINEAR A, AMPLIFIER : 


Figs. 12 (a) a nd lb) show the basic circuit and its equivalent 
“ n ,f" of single stage untuned linear A, amplifier using load 
impedance Z L which, in general, is complex. 



volta^thfn'h wrKprewVd M 3 sinusoidal alternating 

oVthVsiVuSTsS ValU u and E ‘ is ,he rms - or effective 

the load impedance is finea? and ta8C Of aD8U,ar fre Q“ency w. If 

is linear and passive, it can be given as 

z L=Ki.+jX L =Z L /e. 


...( 2 ) 
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basic . . r - 

. arid voltage is sinusoidal, the 
When the varying component g and of the same frequency 
variations e p and i P ?te a s h j nslan taneous values such 

as e,. In this case, corresponding effect.ve or 

Si s;si. 

The effective value of plate curren 

the output voltage E„, given by ...(4) 

Substituting the vahje*ofI^ from equation (3) in equation (4). 

Jfy-U—*-7pk 

A -| 

The complex voltage gain may be put as ...(7) 

v. f «.srSfu w- - 'to '-to- *• 

„ m 7 is a complex inductive impedance. 
F^gure^OSJ^hows a.c- P equivale n t circuit in this case. 

LOAD ,. 


TUBB _ 



Fig. 13- 


A c'equiv’aun. circuit of a .ingle stage amplifier using 
comple* inductive load. 
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Considering E* as reference vector and positive angles 
measured counterclockwise, the following phase relationship exist: 

phase angle of load, 0=tan-» ^=tan-» ...(8) 

phase angle of plate current, 4= -tan- 1 ...(9) 

Phase angle a by which load voltage \fL L leads the grid 

voltage 




=‘an- ^-tan - 1 

"l r p +R L 



Now phase angle a by which plate voltage leads the grid 
voltage is given by 

a=18O’+0+^ 


-lSO'+tan-^-tan- 1 -^-. ...(11) 

K i r p +K t 

„K„£°^ idsrin * e< J ua,ions ( 8 ). W. (10) and (11), we can draw the 

Hitufrorr dlagr ,? m fo F fl sin 8le amplifier using inductive load. This 
diagram is shown in figure (14). 



We observe the following points : 

* a '' ,a8s b ' ii ” a «» 

( r _i }d\ : dr .K P J p across the series resistance 

inductance L lead?I, by V ThJJuVof^ , dr ° P UW * CT ™ 
I (r 4 -RA and v ;* VU ' i he ? um the tvvo components, i.e. 
lp ( ?lf L) Tk dy \ L CqUal 10 the totaI drivi °g voltage fjE g . 
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angle 0. The phase angle of this voltage with respect to E g is 

(O+t). 

(iV) The output voltage is opposite to I,Z* and its phase 
with respect to E* is a. 

Now we consider the voltage gain for this case. 

As Z L =R L +jX L =RL+j*L, the complex a.c. plate current is 
given by 

I= _...( 12 ) 

' r p +Ri+jwL 

The magnitude of the current is given by 

,_...(13) 

' VUr f +fiL>*+ u '‘ L *l 

Now output voltage E p is given by 

Ep—Eo——Ip 

= _„E f . -(14) 


(r,+Rt)+jo>L' 

The magnitude of the voltage is given by 

r c ‘SW+'M) _ 

Eo-rE, j{(r r +Ji L )*+a>‘L‘} 

... Complex voltage gain A 


*•0 

E t ~ " 


Ri+juiL 


...(15) 

...(16) 


(rp+Rii+juE 
The magnitude of complex voltage gain is given by 

y/m+JU) __ ...(17) 

A=>1 ^{(rp+Rtf+JO} 

Case (II), Rr. is P“ rc resistance : 

In this case Zl=Rl+A 

3_ = - t _. - ' ...(18) 

and A— m r p +Ri. I +r,IRt. 

Tte ptose : or »tj« 

Z vs >“ »»" ”*»■ 

is always 180° irrespective of frequency. 

Case (III). Zi ^ pure inductance : 

- thk rase Zl=0+JwL. 

The^com^)lex a.c. component of plane current Ip is given by 

P E e ...(19) 


lp r r +jo>L ' 


The magnitude of this current is given by 
I ' _ V(fp J +‘" ,g! ) 
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The output voltage E 0 is given by 

/xE. 


E 0 =-InZ L = 


r p +jwL 


xjcoL 


—nEg 


1 +r P ljwL 
ojL 


_I 270 0 —tan* 1 — ...(20) 


Its magnitude is given by v{|+ ^ /a , £) , } 
Voltage gain 


and 


JX 270°-tan->^. ...(21) 

r p +juL V(i +(r^o>Ly\ _ 

...( 22 ) 

...(23) 


Thus -4 ~f‘ v{1 


0^=270°—tan 


-tan-i — = —90°—tan -1 —• 


Figure (15) shows the 
manner in which the voltage 
amplification vary with 
ZLlr p for pure resistance, 
pure inductance and comp¬ 
lex inductive load. It is clear 
from the figure that for the 
same value of Zdr pt pure 
inductive load produces 
greater voltage gain. In 
other words, we can say 
that to produce the same 
voltage gain, the impedance 
cf a pure inductive load 
required is much smaller 
than a pure resistive load. 
The another advantage with 
an inductive load is that the 
plate supply voltage E bb 
may be smaller than for a 
resistive load because of the 
steady component of vol¬ 
tage drop in the load 
resistor. 

Curves of figure (16) 
show the form of the varia¬ 
tion of phase angle of vol¬ 
tage gain with Z Jr p for pure 
resistive load, pure induc¬ 
tance load and for complex 



Fig. 15. Voltage gain of amplifier as a 
voltage with Zjr p . 



z L/r p —* 

Fig. 16. Variation of phase angle of 
voltage with Zijr p . 





Fig. »7. 


Showing the variatian of vol¬ 
tage gain with frequency. 
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inductive load. In case of a pure resistive load, the phase angle 
has a constant value 180’. For pure inductive load and for 
Z t /r p =0, the phase angle is 270°. As the value ZJr, increases, 
the phase angle reduces and 
approaches to 180°for large 
value of Z L /r P . The curve 
for a complex inductive load 
lies in between the two curves. 

The variation of voltage 
gain with frequency is also 
shown in figure (17». The 
voltage gain is independent 
of frequency in pure resistive 
load while increases in case of 
inductive and complex induc¬ 
tive loads. 

9 9 CLASSIFICATION OF AMPLIFIERS : 

(1) according to use, 

(2) according to circuits, 

3 interms of their frequency range of operation, 

' ' .. „ nortion of the cycle during which plate 

(4 | fl ^ C s 0r S n V P on P their operating characteristics, and 

CUn (5) according to the range of frequencies amplified compared 

■“rssrs - •** *■» ■" : 

(a) Voltage amplifier, 

(b) Power amplifier. t0 get the maximum 

In voltage am P 1 ' fier -. ™ cs u , ed have relatively high ampli- 

UcationfacJor 8 ^ 8 S«h Implifiers may have high impedances load 

Which may be tuned or , ow amplification factor 

Tub cs used ^°mnce TEc power amplifiers may control a 

uSe h 3!«“»“ “ a Relatively high plate potential. 

fication is sufticicnt. amplifier is fed to the input of next 
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(i) Direct coupled amplifiers using d.c. coupling between 
the stages. 

(i7) Resistance-capacitance coupled amplifiers using resis¬ 
tance as the load and a capacitor as the coupling element. 

(iff) L C coupled amplifiers, using inductor as the load and a 
capacitor as the coupling element. 

(/v) Transformer-coupled amplifiers using transformer as the 
coupling element. 

(3) In terms of frequency range of operation : 

(a) Audio frequency amplifiers : (30 c/s. to 1500 c/s.). 

They are used in ratio receivers, public address systems and 
other amplifications involving audible frequencies. The frequency 
range of such units can be as narrow as 400 to 4000 cycles for 
amplifiers intended for speech only or 50 to 500 cycles for average 
quality music system as wide as 20 to 20,000 cycles for full high 
fidelity systems. 

(b) Vicdo frequency amplifiers : (50 c/s to 6 mc/s). 

There are used in Television receivers, radar receivers, and 
other devices producing visible pictures. The frequency range of 
these units is much greater than audio amplifiers. For use in tele¬ 
vision, the typical frequency band needed is from approximately 
50 cycles to 0 5 megacycles. For use in some oscilloscopes or in 
radar, even higher upper frequency ranges are often needed. 

(c) Intermediate frequency amplifiers : (150 kc/s. to many 
mc/s.). 

They arc used in resonant circuits and to amplify a relative 
narrow band of frequencies to each side of a mean or carrier fre¬ 
quency. In fact they are radio frequency amplifiers but the inter¬ 
mediate frequency is used, because somewhere in the complete unit 
there are one or more other amplifiers operating at some higher 
radio frequency. Broadcast band radio receivers usually employ an 
intermediate frequency of approximately 455 k.c. Ultra high 
frequency receivers use intermediate frequency values around 60 
megacycles. 

(</) Radio frequency amplifiers : (100 kc/s. to many thousand 
mc/s.). 

These amplifiers, in general, are used to amplify a relatively 
narrow band of frequencies to each side of some mean value of 
a radio frequency. For example, in broadcast band radio receiver, 
a radio frequency amplifier may be set to operate at frequency of 
1200 k.c.±5 k.c. 

(4) According to tube operation : Another means of classifying 
amplifiers are by the duration of the conduction period in relation 
to one cycle of the input signal. In this respect, circuits are 
divided into four categories : 
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/>1A7ECUM£NT 
& 




(a) Class A: Plate 
current flows for the full 
cycle of input. This is 
based on class A ope¬ 
ration. 

Class A operation : 

In this operation grid 
bias and the input alter¬ 
nating signal voltages 
are of such values that 
plate current flows in 
the output circuit at all 
times and the output 
wave shapes of the plate 
current are practically 
the same as the existing 
crid voltage. In order to 

,ToX-VeSg C Sn« * is so chos^as to be 



/NPL/T signal volts 



Fig. 19. Class AB operation. 

~ ,• . ri ft cc AB operation is one in which the 

Class AB Operation : C\^ss A BP of such valu cs that pa c 

jrid bias and the signal input v ® ll ^ b ^ , ess than the complete 
W the* in put qfdT beyond" the 

becomes zero. 
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(c) Class B : Current flows for approximately one half cycle 
of the input signal and is based on class B operation. 

Class B Operation : Class B operation is one in which the 
grid bias is made 
approximately equal 
to the cut-off value. 

In this case, the plate 
current will be appro¬ 
ximately zero for zero- 
signal input and plate 
current will flow for 
one half of the input 
cycle, i.e. in this case 
the grid is biased just 
in the vicinity of cut¬ 
off value so that only 
positive half of the J 

signal voltage is efTec- Fig. 20. Class B operation, 

tive and other half is completely ineffective. 

(d) Class C : Current flows for less than one half cycle of 
input (Fig. 21). The power amplifiers are based on class C 
operation. 



Fig. 21. Ciass C operation. 

Class C operation: Class Coperation is one in which the 
grid bias is considerably greater than cut-off value so that the 
plate current is zero for zero signal input and plate current will 
now for less than one-half the time of the input cycle. In this case, 
the operating point is chosen beyond the cut-off value ; hence we 
get only pulses of plate current corresponding to the positive 
peaks of the signal voltage. 
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(5) According to the range of frequencies amplified compared 
with central frequency : 

These amplifiers are classified as (i) narrow band amplifiers 
and ( 11 ) wide band amplifiers. 

(/) A narrow band amplifier is one in which the band ot 
frequencies amplified is small in comparison with the antral fre¬ 
quency. Most of the radio frequency tuned amplifiers are narrow 
band amplifiers. 

(U) A wide band amplifier is one in which the band ot tre- 
quencies amplified is large compared with the central frequency. 
RC coupled amplifiers come under this category. 

Ji) Ve Volt a A g?tmpUficaUon : Voltage amplification is_the ratio 

of the signal voltage available at the ® ut P ut ^fil 

fier transformer or other four terminal network, to tne signal 

vol “,K Current* «mpli6cation i. .he-g 

, b e To .he 

nnwer suDDlied to the input circuit. 

P Tn Sfpo.ee.»pl«ee.i.U »«. » ««"» 

formance by its power sensitivity. 

(iv) Power sensitivity : Power the outpu t circuit 

live potential with res P ect | ,0 .c® „ ri d does not become positive and 
cycle of grid voltage signa . the gnd do ^ts 'alternating current of 

no grid current flows. This isonly tr n( of hjgh frequencies 

very low frequencies. The ® lter "*j“| re | cc t r ode capacitances that 
exist’between* the** different electrodes. These capacitances are 
important in the behaviour of diagram of the triode amplifier 


rie. 44 buvvyj uiv --, . , 

and its a c. equivalent circuit including 

tances. . . . cnacitance between the gnd 

In the circuit, C„ denotes t betwe cn grid and cathode and C,k 

and plate. C t * is ' hecapaC "Ke capacitances are distributed 

raoacitancc. in« y ; n ciHe the tube 



the tube. 
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with different inter-electrode amplifier with different inter-electrode 
capacitances. capacitances. 

Fig. 22. 

The capacitance C pk exists directly across the output terminals 
and hence acts if it were a part of load. The capacitance C gk 
exists diretly across the input terminals and hence acts as if it 
were a part of the grid signal. The capacitance C gp is a mutual 
capacitance that interconnects the grid and plate circuit. Thus, it 
constitutes a feed back path from the plate to the grid, as well as 
a forward path from the grid to the plate. Since at low frequencies 
this capacitance is small and hence the approximation that the 
plate circuit is independent of grid circuit is valid but at higher 
frequencies this is not true. At higher frequencies, these capaci¬ 
tances seriously affect the operation. These capacitances have two 
ettccts : ( 1 ) modification of input admittance and (ii) modification 
of complex voltage gain. 


9 11. INPUT ADMITTANCE OF A TRIODE AMPLIFIER : 

ritan^r aV K.f Cn that ‘! ue t .° presence of inter-electrode capa- 

rmm nifir * d and plate - lhc e rid circuit is not isolated 
we^n oriH 9 1 h W . hen an , al,erna,ln g signal E, is applied bet- 
cath ° de an alternating current flows through the 

hroueh C and P r ,ta,,Ce bet * eengrid and cathode. The currents 

the'inDUt^drnhfl nr* ar * suppliedlb V signal source. This results in 

he Mode amn ■ ' a J npl,fier - The input impedance Z, of 

volta'eE anri W,.1 S ' n „ ed as the rati0 of the input signal 

cal of the innut^IE fl< T ng through ,he grid >- The recipro- 
nput impedance is known as input admittance Y,. Thus 

Input impedance ~ 

and Input admittance 


z,=f- 

h 


Anocpression f or the input admittance'of amplifier is derived 
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Refering to figure 22 (a) and 22 (b) let I, and h be the effec¬ 
tive values of current through C, k and CNow 

The current I 5 through the grid plate capacitance C„ in fig. 
22 (b) is given by . 

i — e „jo>c tP , . 

where E,„ is the complex effective value of the voltage r.se from 
the plate to the grid. This voltage is given by 

E„=E r —E,. - (3) 


We know that complex voltage gain A-g^ 


or 


E =A E c . '"W 

Substituting the value of E, from equation (4) in equation (3). 

We8e ' E„=E t —AE t =E { (i-A). •••(5) 

Substituting the value of E„ from equation (5) in equation 2 
l,=jot C, p E t (1-A). - 6 

again I,=/<oC # *E f . *'* 

From equations (6) and (7), the value of I, is given by 
I, =-1, + la =./<■> C, k E,+y« C„ E, (1 A) 

=jw E, [C,k+C, p (1—A)]. - (8) 


Now the input admittance Yi=»^ 

\,=sjoi [C g k + Csp 0""^1 I ^^ 

•** 

'“'’“ ,1, " > V„ N ;”c,. +J » C„ C, A, ...00) 


and 55SS5SSS=fcta.(i;«, -3* 

a much larger capacitance C„ (1 oetwc b 

T ' ,iS In accordance wit^equa,ion (10), the input a,, equivalent 

circuit of a triode amplifier 

• __ hu a r" 

f 

% 


...(H) 


circuit oi a uiuuv — 
may be represented by a 
shunt resistance R = 1 /wC fP *i 
in parallel with input capa¬ 
citance C,* + C*p(l"" A,) as 
shown in figure 23. 


L 


cvCzpAl 




The value of complex 
voltage gain A and Y«in Fi*. 
rfl c e of pure resistive loaa 
an<f complex load are calculated below 


A.C. equivalent input circuit 
of triode amplifier. 
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Case I. Pare resistive load : 

Neglecting the reactances of C gp and C pk 
is low, the complex voltage gain A in pure 


when the frequency 
resistive load Ri is 


given by 



A RL 

A * r,+R L 

...(13) 

In this case, 

4 ,L R L and 4i— 0 


A ’ M r p +R L aD ° A ‘ 


• 

• • 

Yi-/»fc t »+C w (l+ +J JJ 

...(14) 

Therefore, the input capacity C* of the triode 
equal to 

amplifier is 

Cl- 

C “ +C "(‘ 1 r p +R L ) 

•••(15) 


Case II. Complex load : 

Now we shall find out the nature of the input impedance of a 
triode amplifier whose load is a resistance in series with an induc- 
tance. Let effective load impedance including the effect of Cpk be 
Z, then 


Z =R+jX. 


...(16) 


Now 




A=^-°=- 

E, r p +Z 


?(R±JX) 

0 r p +R+jX ) 


or 


A,+jA,= - 


n ( R+jX) 


( r p +R)+jX 
R(r P +R)±X*_ y.r ,X 
~ h (r p +R>*+X* 1 (r p +R)'+X' 


...(17) 


have 


Comparing the real and imaginary terms on both sides, we 


pR(r p +R) +X* 
(r,+*)*+** 


and 


Ai=- 


tir p X 


...(18) 

(VHP+X* " (l9) 

Substituting values of A, and A / from equations (18) and (19) 
in equations (11) and (12), we have input shunt conductance 

.. ('•,+*)*+*• 

and input shunt susceptance 


...(20) 


— CO 


r.,r- I, , V- (r,+/?) *+AT*\1 

l c ‘ k+c ”V + -(^+W+x r )\ 

w4c lt + cJ l+ g*Ifr+*>+*» 11 

l lr,+xp+x* /J 

-J1U ,C rrX 


...( 21 ) 


*r 


(VW+J'* 


...( 22 ) 
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Thus V, contains, “»S= £?»£ 23SS5 

(22) whose value is negative - ii P mAans that power is flowing 

is inductive]. Th's ne^tive resi w n d jf lhis p0W er 

back to the g fl d through the 8 r d-pWe cap h e dissjpaled jn 

is more than which is *® s 0 P f P th y e gr id voltage, oscillations 

any positive resistance i n th r , ? j the use 0 f triodes 

will result. This 15 °“ e ct?Ontheother hand, if the anode 

as amplifiers at radio frequencies, un t ,mpe- 

load is capacitive,.the resistive componem the 

dance is always positi • P , t c i rcu it through C gp . 

energy is transferred from the ^ ,d t ^ P n d thc facl that the 
in the ahove treatment w i J f he ptate load, thereby 

current through C„ a '\° flo ,j htly . with a more accurate treat- 

Ml. METH , 0D h S fJw.'SngS'fn™' 

Commonly three methods ^ g ^ ^ bjas and (|J|) gr|d 

They are : (i «*ed «“• ['' these methods. 

leak bias. H * r * WC . JfJs already been mentioned that the grid 
(i) Fixed bws: It has al« y ia , with respe ct to 

should be maintained at a g conncc( a dry battery between 
cathode The simpler melhoo and moreover „ 1S difficult 

grid and cathode. Th s .s cu jn , he circuil . To overcome 

to maintain a constant voliage n y from , he pl tc supply 

bias- u hjas . T hc economical method for 

JngSfttt Vt P- a resista nce (cathod e bias 

resistor) in between the I f I 


resistor; ~-- T . 

“KKrttfS. 

arrangement of a triode amp¬ 
ler using self bias is shown 

in figure 24. 

When no signal is applied 

the plate current h fl0 * s 
through Rk and makes a volt- 
age drop across it. The poi n 


LOAD 



Fie 24 . Vacuum tube triode amplifier 
g ' using self bias or cathode bias. 


tnroURn a* using w — —- , . 

Bffi SSTls;*«“ — 

cathode. 
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When a signal is applied and only Rk is introduced in cathode 
and ground, it is found that the gain of the amplifier is reduced. 
The reason is as follows : 

When an a.c. signal is applied, the plate current i b consists of 
two components : (i) the d.c. plate current I b and (//) a.c. compo¬ 
nent i p . Now in this case, in addition to d.c. current I b9 the a.c. 
current i p also flows through R k - The a.c. current causes a voltage 
drop which is in opposite phase to the applied signal voltage. 
Thus the voltage across the grid cathode of the tube is the diffe¬ 
rence of the two voltages, i.e. t applied signal voltage and a.c. drop 
across Rk. This is a form of negative feed back and the gain of the 
amplifier is reduced. 

The reduction of the gain can be prevented by connecting a 
capacitor Ck of high value and small reactance in parallel with R k » 
When the resistance of the condenser is far smaller than R k almost 
all a.c. component of current flows through Ck without making 
any voltage drop across R k . The d.c. current I b flowing through 
Rk provides the grid bias. Thus Rk Ck combination in the cathode 
lead provides the grid bias. High capacitance, low voltage electro¬ 
lytic capacitors are used for this purpose. The use of this bias is 
restricted to class A and AB amplifiers. 

(iii) Grid leak bias : Figure (25) shows a vacuum tube 
amplifier using grid leak bias. In grid leak bais resistor R g is 
connected between grid and 
cathode and a capacitor C is 
connected in series with the 
grid as shown in figure 25. 

When positive half cycle 
of the a.c. signal is applied, 
the total grid voltage reaches 
to zero potential or it may 
become positive. Due to this 
fact grid current flows and 
the condenser is charged 
with polarity shown in the 

fig. During the negative half cycle, the condenser discharges 
through grid leak resistor R g because in this case no grid current 
flows. As R g is of the order of 250 KQ, the time constant of the 
discharge of the condenser is very large. After few cycles of alter¬ 
nate charge and discharge, a constant d.c. voltage appears across 
the condenser which provides the necessary grid bias. The grid 
leak bias is generally used in conjunction with self bias. Usually 
the grid leak bias is used when the grid current flows i.e. for AB, 
B or C operations. 

913. DISTORTION IN AMPLIFIERS : 

The output voltage of an ideal class A amplifier should have 
the same waveform as the input signal. In order that the output 



Fig. 25. Vacuum tube amplifier using 
grid leak bias. 
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waveform shall be identical with that of the input, three conditions 
must be satisfied. 

(/) The output must contain only those frequencies that are 
contained in the input. 

(//) The output must contain all frequencies contained in the 
input and the relative amplitude of various components must be 
the same in the input. 

(Hi) If any component of the output is shifted in phase rela¬ 
tive to the corresponding component of the input, all components 
must be shifted by the same number of electrical degrees ol the 
fundamental cycle of that component. 

Amy deviation present in the output waveform from input 
waveform is called distortion. Failure to satisfy the above condi¬ 
tions results in three corresponding types ot distortion : 

1. Non-linear distortion or amplitude distortion. 

2. Frequency distortion. 


3 Phase distortion. 

1 Amplitude distortion : Amplitude distortion is due to the 
production of new frequencies in the output which were not present 
P n ,|,e input. From the dynamic (mutual) characteristic we note 
that any grid signal such as £., that falls within the straight line 
scction^f this dynamic characteristic (a, to will be amplified 
without distortion (Fig. 26 a) On the other hand, signals hat fall 
outside the straight section, such as £,. will have their peaks flat.- 

ened. Since amplitude distortion is caused by operation in the 
non-linear areas, it is also called non-linear distortion. 
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Another type of amplitude distortion is caused by operating 
the tube with incorrect grid bias. When the tube is operated with 
a grid bias whose value is less than the maximum value of the in¬ 
put signal voltage, the grid voltage will be driven positive during 
the portion of each^ycle in which the positive value of the input 
signal is greater than the grid bias. The manner in which the out¬ 
put signal is distorted for this type of operation is shown in 
fig. 26 ( b ). 



T££) 
POT 


UNDI$70fiT£0 /MPU7 
S/GHAL 

0ISTQRT£O /MP</7 S/GAAl 


Fig. 26. ( b ) Amplitude distortion. 

Distortion is also caused by applying too large an input signal. 
When the tube is operated with its correct value of grid bias but 
the applied signal is too large, either half or both halves of the 
input signal maybe distorted. 


c#A*Acr£jt/sr/c ft 

CGM£^A\ 


UND/S70A7£0 OUTPUT 
- 


% 


A£SA7//£. — ,U 

I J 




UHO/STOfTED 

S/6/VAL 


» 3F 

'IT 1 - 0H70R7E0 //VP07 

* Ui S/G/VAL 
Fig. 27. Amplitude distortion. 
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When amplitude distortion occurs, the output waveshape is no 
longer a sine wave. The resulting complex wave consists of the 
original frequency and harmonics of the original frequency. The 
current and voltage relations may be expressed in general by the 
series. 

Ip=Io+aEg +6£* 2 + cE g *+... ...(0 

Assume that the input wave is a simple sine function of time, 
of the form 


£ r =£ c sin cot. 
The current is 


/ r w 0 +<i£* sin orf+Mfe* Sin 2 wt+cE t * sin 3 o>t- 

« bEr bES . . , 

I 0 +aE< sin co/ + -^—- y cos 2w/+... 


= I 0 + b -( +o£ g sin cos 2wl+... 

Thus the current contains 


(,) ^1, />. rectified portion of the output current arising 
due to distortion. 

(//) bE, sin /<• , output current with the frequency of the 

input voltage. 

.^?cos 2o>r, i.e , second harmonic component of the 


(/■//) 


plate current 

Percentage of second harmonic distortion 


amplitude of second harmonic ^ |QO/^ 
amplitude of fundamental 


*A 2 x 100 


50 bE 


'o 


%. 


a Etg 


Knowing the values of a and b, percentage distortion can be 

calculated. If the maximum, mean and minimum values ol the 
current is obtained from the dynamic characteristic, the values of 
a and b are calculated in the following manner : 

From fig. 28, it is observed that 

when uil—0. Ip —Ip (mean)=/ 4 . 

uit=nl2, I p =lp (max.)=/o+a£,+f>£V ! . 

to/=3<r/2, lp=lp (min.)=/ 0 —a£ e +A£ g *. 
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Fig. 28. Showing max., min. and mean values of plate current. 
From these equations, we have 

I P (mean)—/p (min .)=aE g -bE' 2 . 

I P (max.)-/,, (min.)=2a£*. 


/ p (max.)+/p (min.) —2/ p (mean) = 26£ f 2 . 

Thus I p ( max -)+^ (min.) —2/p ( mean) 

2|/p (max.)—/p (min.)) 

2b Eg 2 _bE g 

2.2 aEp 2a 

and the percentage of second harmonic distortion will be 
__I n (max )4-I p (min.)—2/p (mean) 1AAO/ 

2 [/,, (max.)-/p (min.)) X 

This holds only when I p is related to the applied grid voltage 
cha e ract a e l Hs I tic ,) Th,S eqUation isassunicd t0 represent the dynamic 


2. Frequency distortion : Frequency distortion exists whei 
all frequencies are not amplified by the same amount. This i 
caused by the circuit associated with the amplifier tube and set 
a limit to the range of frequencies that will be satisfactorily arapli 
fied in an) particular case. The tube may cause frequency distor 

nTnV h P t r°n aP K P,ie c d u igna l is of lhe same order of magni 
ti de as the time of flight of the electron from cathode to the anodi 
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Ideol 

"*fs ^Actual 


tl » tube. Referring to *. 25.« »■ •* «“ 
having a horizontal Sainjrequ- 
ency plot as shown by the dashed 
line will be ideal or will have no 
frequency distortion. 

An actual amplifier curve may 
drop at one or both ends of fre- 
quency axis, and the gam for fre¬ 
quencies f„ and fb will differ- If 
a complex waveform hasing 
both frequencies present as 


\fa 


A 


Fig. 2‘>. 


Frequency 
Frequency distortion. 


^ a sstt 

KSKSa-; 

OUS components must remain ‘ jj sa id to be present in the 
non. If this is not £ occur ,n the amplifier if 

amplifier. Distortio frequency is not a straight line 

th h ^ 0 oasses P fhrough ze?o 8 on the phase shift ax.s or through a 

Phase distortion is ca . f ; er cj rcu it P This distortion is not ol 

resistive elements io the ampl fi sincc delayed distortion is 

importance in ampfifier ol th ve yP ob j ecl j 0 nable in systems that 
dcpend CC on*waveshape * for their operation, as for example, .. 

leleVi S S i,°p n pose that the input signal to the amplifier is periodic and 

may be expressed analytically by 

y e e =k a sin (u)t+0\)+kh sin (2w/ + ^ 2 >+ ••• 

forD1 , sin (uir+fli+^)+' ,fc * sin (2o, ' +tf,+2 ^ + " , 
ul i'=wl+<l‘, we have 

e a =nk a sin forf'-r•.)+«** sin < 2u " +W + "' Thus dc |ay 

in dSraS due to'^he^frequenc^chaiacter of the circuit 

associated with the vacuum tube. 
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A simple example illustrating time delay distortion is shown 
in fig. 30 predicting : 

(a) original wave, 

(b) original wave after suffering time delay distortion of r sec. 

(c) original wave after suffering time delay distortion. 


Qf/GWAL WAVt 



Fig. 30. Phase distortion. 

Diagram shows the effect of time delay distortion on a com¬ 
plex wave consisting of a fundamental and third harmonic. In the 
wave suffering time delay distortion, the relative phase of third 
harmonic components differ by 18 ° from its relative phase in the 
original wave. 

9 14. WAVEFORM DISTORTION DUE TO NONLINEARITY 
OF THE TUBE CHARACTERISTICS : 

W c have seen that the dynamic characteristic of a vacuum 
tube is not generally a straight line but it has a slight curvature. 
This is due to the fact that tube characteristics are not linear, 
parallel and equidistant for equal increments of the parameter. The 
effect of this nonlinearity is that the output current waveforms are 
not exactly same as input waveforms /.<?., the nonlinearity of 
the tube gives rise to distortion. Even for a pure resistive load, 
the dynamic transfer characteristic is slightly non-linear and hence 



' ' nn linearity of mode characteristics. 

Fi6 . 31. Waveform distortiondistortion^duc^to 

dal given Cf =E c cos ~t. entcd by a power 

where fli. fl *» 3 .• « m in equation (2) 

and the load. - - -- on ill ,n ^ 


„ /i a, arc constant — r- 

^bstUuting the value of ** trom equation (1) in equation 
wc have - ,r »../\ 3 4-... 


iave . | r cos u.r)'+«» cosw, ' 3+ " 

i,=«« E, cos **»+«« Uy. (1 +COS 2u>»)+••• ...(3) 

if??+a£ioVi<+l a t E* cos 2-1+.- 
+ fl i • r 2 jc »he d.c. compoi 


= lW V+«A««* " + E l d ,. component,.*6g* 

In e< I uatio d n a 2n, l a| e frequency ‘verm. I a,E « cos hc constan 

‘harmonic um and 5< ^ ^ 

term amplitude of respectively, then 

harmonic plate current. ^ + P cos **+... ” 1 

i /) s=//m+ l r |w 
We know that 

ib=lb-r'9 
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ib^h+Ipt+Iplm COS wt + Ifton cos 2o>/+.(5) 

These four components are shown in the figure (3J). These plate 
characteristic with load line are also shown. It can be seen from 
the figure that 4 is maximum at wt=0 and minimum at wt=n 
radians. Equation (5) may now be written as 

4 n,ax.=h+IpO+Iplm+Ij*m •••( 6 ) 

4 min- = //) — •••(7) 

From equations (6) and (7), we have 
>b max • 4 min- 


him— 

Equation (3) shows that 

IpQ = Ipim 


...( 8 ) 




h 


[ 4 - 


max • + 4 mi, i- 


) 


...(9) 


The value of amplitudes of fundamental and second harmonic 
components of the plate current are given by equations (8) and 
equation (9). In order to find out the values of I plm and 7^, it 
is only necessary to know i b mox . t 4 *./«• and /*. These quantities 
may be found from the plate characteristics graphically. For this 
purpose we have to draw the load line for a given value of plate 
supply voltage Ebb and load resistance R L . The value of 4 max-, 
4 min- and I b are obtained by noting the plate current 4 for E cc , 
(Eec+Eg) and (E cc —E<.) as indicated in figure (31). 

7 —'X 100= * x ioo. ...(10) 

Vim (lb max-— lb min) 

NUMERICAL PROBLEMS 

1. Figure (32) shows the circuit of an amplifier. In the ampli¬ 
fier, m volts, R l = 48 KQ, R k = 2KQ, /?„= 100 KQ and 



I ig. 32. Circuit of an amplifier. 

I00A.O The capacitance C c and C k are so large that these may 
be taken as the elective short circuit so far as the a.c. signal fre¬ 
quency is concerned. Draw the d.c. load line and the grid bias line 
to get the quiescent point. Draw also the a.c. load Hite The d c. 




Busic Amplifier Principles 

load line is to be drawn on the characteristics of the tube shown in 

figure (33). . .. . 

The total d.c. resistance in the plate cathode circuit is 

given by 

=.R I ,+**=48+2=50tf*2 : •••(') 

The loop equation for plate cathode circuit is 

e*=£»-4 *,. c .=300-fc 50 -(2) 

From equation (2), 

e b =0 when 4=6 m.a. 

£* 6 =300 when 4=0 



Fig. 33. Plate characteristics of the tube with load lines. 

iicino these values, a line is drawn on the plate characters- 
ic. This line is the desired load line for SOKfi as shown in 

‘^Now’we draw the grid bias .line to determine the operating 
• „{ n SiDcc the grid is maintained negative, the gr.d current is 
:cro and hence the voltage developed across R is zero. The loop 
equation is 

0=e tf +4 *k 

3r e c =-ib Rk=-‘b-2. 

when e c =0. 4-0 

e c =-6V '»= 3 m.a. 

ej =-4K 4=2 m.a. 

The above points are connected on a line which gives the grid 
bias line The bias line cuts the load line at a point Q known as 
^ quiescent point or operating point. From the figure we have 

£ 6o =I 55K./ m =3 m.a. and £ t0 =-6F. 

When C, and C* arc large to be an effective short circuit, the 
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a r nasses through R L and R,. The total a.c. resistance in the plate 
cathode circuit would be a parallel combination of Rl and R g . 
Thus 

RlR„ 48x100 

Ra-c- — 


:32 4 KQ. 


Rl+R* 48+100 
The a.c. load line is a line passing through Q and having a 
slope given by 0=tan-‘ (-1 In order to draw the a.c. load 

line, we require a second point which is obtained as follows . 

When / a =/ m =3 m.a., then the voltage drop across R a . c - is 
R x ii,=32'4x°3=97 2 volts. The intercept of the a.c. load line 
axis i \+I» JU.-15S+97-2-25MK. Now a me is 
drawn connecting e b =252'2V to the quiescent point Q. This line 

is a.c. load line. -in 

2. A linear A x amplifier uses a triodehas voltage gain-W 
and —12 with load resistance of 8 and 12 KQ respectively. Calcu¬ 
late the amplification factor and ax. plate resistance of the tube. 
For resistive load, the voltage gain is given by 

pRi 


A = — 


In the first case —10— — 


In the second case — 12— — 


t p +Rl 

jtx8 

(r P + 8)' 

ixX 12 


..■( 1 ) 

...( 2 ) 


(^+ ,2) . 

By multiplying equation (1) by 3 and equation (2) by 2 and 

rearranging, we get 

30(/>+8)=24 M , -V) 

24(r,+ 12)=24 M . -( 4 ) 

From equations (3) and (4), we have 

30 i>+240-24 r,+ .88, 

6r P = 288 — 240 = 48 
r r =8 KQ. 

Substituting the value of r r in equation (1) and solving, we 
get /x=20. 

3. An amplifier on using a valve V x having amplification factor 
of 20 and plate resistance of 25 kilo-ohms has the same gain as on 
using another valve V 2 having amplification factor of 10 and plate 
resistance 6 kilo-ohms. Find the value of load resistance if such a 
condition is to be obtained. 


We know that /! = — - 


For valve V u A = 



For valve V 


2 * 


2:>xi0 3 +*z. 
-10* L 
6x 10 3 +R l ' 
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or 

or 


20 Rl 10 Ri. 

Hcnce 25 x I0 3 +St = 6x 

2x6x 10’+2/?i=25x lO^+TJi. 

U t =13x 10 3 = 13 KQ. 

fl'ni'rfVs’S'i/ifc S!“” °MS!iS^orS’«i” 

vo/fflge gain. 

The effective value of a.c. plate current is g.ven by 

i >*£.- . 

'’ - r,+Zi - ('>+*/-)+7" i ’ 

The magnitude of the a.c. plate current is given by 
/ ** £ « 


10x2 _... 

= ^((6xT 0 , + lOx IO*)*+(2wx 1000+1-5)’} 
= 107 milliampcres. 

The phase angle is 
= —tan” 1 


amp. 


wL 


Magnitude 


, 2wx IOOOx 15 _ 

= _,an ’ ('6000x10,000) 

R.M.S. value of the plate voltage is given by 

r. _ I Z,_ 

E„—1 ,L L - ff+Zi 

f*E rflR£+*0 

“VM r',+Rtf+'*&) 

=(l'07x 10‘ 8 )V{(10x 10*)*+(2jrX 1000 x 15)=} volts 
= 14 8 volts. 

Phase angle of E,= 180°+tan- =£-ten-‘ 

= 180'+tan- 2 ^S^-30“30' 
= 180°+43° 10'—30° 30'=192° 40'. 

The complex voltage gain is given by 

E p _ ftZ/, —p(RL+jwL)__ 

A_ E, “ r p +Z L -(r p +R L )+juL 



428 


Hand Book of Electronics 


The magnitude is 


E* 


14-8 

2 


=7*4. 


5. The triode circuit shown in figure 34 (a) called a cascade 
amplifier is used in television receiver circuit as a radio frequency 
amplifier. Draw its equivalent circuit and determine the voltage 
gain. 


*L 




(A) 


Fig. 34. A cascade amplifier and its equivalent circuit. 

It can be noted that 

0 =£* 2 -/ r p \ —piEgi 

or E*-=PiE tl +ir pl ...(I) 

Let / be the loop current, then loop equation may be written 
as 

MiEft+Mt£fi= —l(r P i + r pi + R L ). •••(2) 

Substituting the value of E g2 from equation (1) in equation (2), 
we get 

l l i (Mi£*i +lr r i) = —I\,r P \+r p2 -\-Ri) 

or Mi (1 +Ma) £fi = — I(r p \+ii 2 r P i+rp2+RL) 

or /„ -WlH-rij i , 

r p i(\+Pi)+r r i+R[. 

The output voltage E 0 is given by 

ir_7D - ~Mi( i + Mt) £gi B 
° L r H {l+ri+r*+R L 
—Mi (I+Ma) 

£«i '’pi (iH-M2)+''/»2+£l 

6. ^ linear A x amplifier uses a triode with toad resistance of 
24,000 ohms and a cathode bias circuit consisting of a parallel 
combination of R k and C k . The value of R k is so chosen that with a 
plate supply voltage of 352 volts , the zero signal plate current is 
10 mA. and zero signal grid bias is —12 volts. The amplification 
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factor of the tube is 20 and dynamic plate resistance is 12,000 ohms. 
Condenser Ck is 10 micro farads. Calculate (/) value of Rk, (//) zero 
signal plate voltage and (Hi) magnitude of voltage gain at frequency 
1000 c/s. 

(/') We know that grid bias=— /?*/„. 

/?*/*=-12 

or 1200 ohms. 

(/'/) Zero signal plate voltage E b is given by 
E^Ih-IARl+Rk) 

= 352-10x 10~ 3 (24,000+1200) 

= 110 volts. 

(Hi) The complex voltage gain A is given 
■ -hRl _ 

_ -?R L IZ k 

4^+fM+D 

Z* is given by 1=^-+^=*+^ 

At frequency of 1000 c/s 

_l__ I +y.2rrx IOOOx 10 e x 1200 
Z k 1200 

_l+y- 75*36 
1200 

-20 x 24000 x (1 +/ 75-36)/1200 

400 (1+y 75 36) 400+y30l44 

30 (1+y 75’36)+21 51 +y 2261 

Magnitude 

. _ 30144)*) _ 

V{(51)*+(226l)*} 

EXERCISES AND PROBLEMS 

1. What is the purpose of a voltage amplifier ? 

2. Explain in detail why a fixed negative bias is necessary to make most 
tubes operate properly as amplifiers. 

3. Draw a circuit diagram of basic voltage amplifier and show the diffe¬ 
rent voltages at different places. 

4. How a vacuum tube amplifier works as a linear device ? 

5. Explain the working of vacuum tube amplifier under zero signal (quies¬ 
cent operation) condition and with a.c. signal. 
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6 . 

7. 


9. 

10 . 
II. 


12 . 

13. 


16. 

17 . 


How will you draw the dynamic characteristic of a valve ? 

Explain the equivalent circuit representation (voltage and current) for 

triode amplifier. 

Exaplain. giving basic circuit diagram, the working of a triode as an 
amplifier. 

If a resistance R L is inserted in the anode circuit as load resistance, 
prove that the voltage amplification obtained is pR L l{R[,-\-rf) where j* 
is amplification factor and Tp is the plate resistance of the triode. 

Give a brief account of the classification of amplifiers. 

What do you mean by interelectrode capacitances in a triode. 

Calculate the input admittance of a triode amplifier in case of a complex 
load. 

Describe the different methods used for biasing a control grid. 

What do you mean by distortion in amplifiers. Give a brief discussion 
of (i) amplitude distortion, (ii) frequency distortion and (iii) phase 


distortion ? 

How the nonlinearity of tube characteristics afreets the waveform. Give 
the expression for the percentage of second harmonic in a vacuum triode, 
A voltage amplifiers uses a triode having amplification factor 20 and 
plate resistance 40.000 ohms. Another tube with plate resistance of 
60,000 ohms and amplification factor 15 is replaced for the previous 
tube. The amplification gain remains unaltered. Determine the load 
resistance to satisfy the condition. 

The gain of a triode amplfier with resistive load of 5K ohm is 8, while 
with resistive load of 10K ohm is 10. Determine the amplification factor 
and plate resistance of the triode. 

The a.c. plate resistance of a triode is 6000 ohms whose amplification 
factor is 8. In the plate circuit the load resistance is 12,000 ohms. Find 
tbc value of a.c. voltage to be applied between grid and cathode to get 


a.c. power output of 2 watts across the load 


10 


UNTUNED POTENTIAL AMPLIFIERS 


We have seen that when a sinusoidal voltage is applied 
between the grid and cathode of a vacuum tube amplifier, the 
output voltage at the plate circuit is several times larger than the 
input voltage. The waveform and frequency of the output voltage 
is the same as that of the input. Thus the input voltage is said to 
be amplified several times by the amplifier. When the grid of the 
vacuum tube is maintained at a negative potential even for the 
positive half cycle of the applied a.c. signal, no grid current flows 
i.e. t no a.c. power is consumed in the grid circuit. The a.c. signal 
at the grid without any loss can control an appreciably large 
current flowing through a large impedance in the plate circuit. 
Thus the amplitude of the output voltage is far larger than that 
of the input voltage. This gives a voltage gain of the amplifier. It 
can also be observed that the power gain will be still larger. A 
transformer may be used to step up the voltage but the power 
across the secondary terminals is always less than across the 
primary. Sometimes the transformers arc used as loads in vacuum 
tube amplifiers. 

The voltage gain of a single stage is less than the amplification 
factor of the tube used. Sometimes, it is required to have a voltage 
gain far exceeding the amplification factor of the tube. In such 
cases, a number of amplifiers are connected in such a way that the 
output of one is connected to the input of the next. Such an 
amplifier is known as cascade amplifier. Depending upon the 
network used for the coupling between output stage and input 
stage, the cascade amplifiers may classified as : 

(1) resistance capacitance coupled amplifiers, 

(2) inductance capacitance coupled amplifiers, 

(3) transformer coupled amplifiers, and 

(4) direct coupled amplifiers. 

10 1. RESISTANCE CAPACITANCE COUPLED AMPLIFIER : 

One of the most common voltage amplifier circuits, used when 
a sensibly constant amplification over a wide range of frequencies 
is desired, is the resistance capacitance coupled circuit. If the out¬ 
put voltage of the firs* *ubc is coupled to the grid of the next tube 
through a resistance and capacitance, the amplifier is known as 
the resistance capacitance coupled amplifier. A two stage voltage 
amplifier employing triodes is shown in figure I. 
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Function of circuit compo¬ 
nents : 

Cathode bias circuit : 

Here the first stage of the 
triode circuit is the same as the 
basic amplifier circuit except 
that bias battery has been re¬ 
placed by a self biased resistor 
Ri in the cathode circuit. The 
resistor /?, is shunted by the 
capacitor C*. Components Ri Fig. 1. R.C. Coupled Amplifier, 
and C, provide the bias for the tube. The combination is known 
as self-bias or, more specially, a cathode bias circuit. In any 
voltage amplifier, freedom from amplitude distortion is obtained 
by operating the tube with the grid at some negative value com¬ 
pared to cathode which is done with the help of resistor R x , 
Because of the voltage drop in resistor Ri cathode is positive with 
respect to ground ; using positive cathode as reference, the grid is 
in turn negative compared to cathode. 

Why is the resistor shunted by the capacitor C x ? When a.c. 
signal is applied at the input of this amplifier, the instantaneous 
grid voltage will change, and the plate current will vary accordingly. 
But if the plate current changes, the bias (drop across R x ) would 
also change, andthis effect is generally not desired. Capacitor C x 
serves as a by-pass capacitor to prevent these bias variations. 

Plats circuit resistance (R/): In order to achieve amplification, 
a load impedance must be connected between the plate of the tube 
and the plate power supply. Any variation in the plate current 
ofV x and the coupling resistor R t will produce corresponding 
variations in the voltage across R/ because plate current flowing 
through this resistor will produce a voltage drop. 

Effect of C and R c Coupling : The blocking capacitor C 
prevents the high voltage that is applied to the plate of valve V\ 
from reaching the grid of valve V 2 . A high positive voltage at the 
grid of a tube would cause a very high current to flow in the grid 
and plate circuits of the tube ; this would overload and qfiickly 
damage the tube. If this capacitor were used without resistor R c , 
tube V 2 would be blocked because the negative charges (the elec¬ 
trons that may be collected by the grid from the electron stream 
within the tube) on the grid side of the capacitor would increase 
the bias sufficiently to cause the tube to operate beyond cut-off. To 
prevent this blocking action a high resistance R c called the grid 
leak is connected between the grid and cathode to provide a direct 
path for the accumulated electrons to leak off. 

Therefore we conclude : 

(/) R c acts as a shunt across the load resistance, thus reduc- 
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ing effective load impedance, but this can be neglected if R c is 
much greater than Ri. 

(ii) More important effect is that the circuit combination K Cy 
C acts as a potential divider across the amplified voltage 

Ordinary range of capacitor C varies from 0 001 to O'l ^/for 

conventional a.f. stages. The bypass f ca P a . cl '° r , h f', h ^ v a ,J ec E t ! 
capacity, of the order of 25 or 50 micro farad so tint .t may effect 
ively bypass a.c. component of plate current. T he . va '“f 
may vary from 500 ohms to 5000 ohms. The typical va uc of 
ranges from 50 KCi to 20MO. The load resistor R, « de erm.ned 
principally by the gain and the frequency band-width that are 

desired. . „ . 

To analyse R-C coupled amplifier, we shall study it in the 

following frequency ranges: . f 

(\\ Low frequency range : At low frequencies the effect of 
inter-electrode capacitance can be neglected. The equivalent circuit 
is shown in figure 2. 

According to Thevenin’s theorem, any two terminal linear 
pedance measured between the terminals with all other generators 

being removed (but not their internal impedances). 

The Thevenin’s equivalent of figure 2 is shown in figure 3. 



T 

i 


ency range. . . 

In figure 3, E' is the open circuit voltage across the resistance 

R, in figure 2. 

Voltage across rt,=resistance x current 

pEgi Ri 

Ri+ t p 

because the voltage in the circuit \s-pE gl and total resistance is 
(Ri+r p ). 
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The impedance Z' between the two terminals X and Y is the 
impedance of the parallel combination of Ri and r p as shown in 
figure 3. 

1 1.1 r p +R, 


Z'-r+R, 


r pRi 


or 


Z' 


r P Ri 


Ri+r p 

The total impedance ofThevenin’s equivalent circuit of 
figure 3 is given by 

1 r p R, 


+ 




jwC r p -\-Ri 

Now the current I in Thevenin’s equivalent circuit is given by 

Ri 

1=-^ Rl+r > - ...(1) 


1 


I r pR' - I D 

TTTd. *t- *c 


jtoC^~r p +R, 

The voltage E* f across R c will be 

—liE s± R, 


E*. 


Ri+ r r 


xR c 


...(2) 


_1_ j- r p& 1 i p 

>C r p +R, +Kc 

The complex voltage gain in low frequency range is given by 

— fiRi 


A E *>- 
A/=£t- = 

E ix 


R'+r, 


1 , r p R, 


XR e 


juiC r p -\- Ri 


f Rc 


—yRiRc 

__ Ri+r P _ 

( r p +R/) +jwC(r p Ri) + R c ja)C.(r P + R i ) 
jo>C(r p +R,) 

___ —uRiRc _ 

J ^C<, r r+ R i)+r l ,R l +R'r p +RcR l " (3) 

This expression shows that voltage amplification depends 
upon frequency / e. increases with frequency. 

(B) Intermediate frequency range : For intermediate frequen¬ 
cies at which R c > -L. the equivalent circuit may be simplified 

by the omission of C. Under such conditions the load for the 
valve becomes parallel combination of R t and R c . 

The equivalent a.c. circuit and Thevenin’s equivalent circuit 
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Fig. 4. Equivalent circuit at 
mid-frequency range. 


Fig 5. Thevenin’s equivalent circuit 

at mid frequency range. 


are shown in figures 4 and 5 respectively. The voltage amplification 
in this case can be calculated as follows : ... 

The total impedance of the Thevenin’s equivalent circuit is 

7 _ r r R ‘ R<(r p +Ri) + rrR< 

Z - Ke+ r P +R, ” (r,+K/) 

The current I in the circuit is 
—/iE ? ,#/ 

„ r P +Ri _ ~t&l x]*L _ ...(4) 

R,(r p +Ri)+r p Ri R r <r r +R,)+r r R, 

(r,+R,) 

Voltage Eg, developed across R c is given by 

. „ pEg.RiRt t<\ 

Ef,=current l*R.= -* f(fj> +*,)+,.,*, ~ (5) 

Voltage amplification A.=~ JUr~+R,y+r p Rj " ,(6) 

From equation (6) we infer that when load is resistive the 
amplification of the stage will be independent of frequency for fre¬ 
quencies beyond the value R c > jjg— 

(C) High frequency range : At low frequencies, the effect of 
interelectrode capacitance can be neglected, but at very high tre- 


...(5) 


...( 6 ) 



Fig. 6. Equivalent circuit. 



436 


Hand Book of Electronics 



quencies the interelectrode capacitance becomes important and 
therefore its effect should be taken into . account. The effect is to 
reduce the voltage amplification. 

The equivalent circuit 
for this frequency range is 
shown in figure 6. In the 
figure C g denotes the effect 
of interelectrode capacitance 
at high frequencies. The 
Thevenin's equivalent cir¬ 
cuit is shown in figure 7. 

The total resistance of 
the circuit in this frequency 
range is given by 

r P Ri R e 

Bi+Rp^l+jvCgRc’ 

where . , .^1 p is impedance of the parallel combination of C 

\+jtoLgR c 

and R c . _ v 

„ . , r„R, (\+jw C„R,)+Rc ( r P +Ri) 

” Total res.stance= ( ^ +/?() (l+Ju CgKc) — 

The current I in the circuit: 

_/*E g,/?/ 

U 


Fig. 7. 


Thevenin’s equivalent circuit 
at high frequency range. 


(Ri+r p ) 


r P Ri (1 +jui C f R c )+R c (r P +Ri) 


...(7) 


(r p -f Ri) (1-h jw CgR c ) 
The voltage Eg, across XY is given by 

//Eg,/?/ w Re 


...( 8 ) 


P_ Ri+r P 1 +R c jwC g 

g% ~r P R,(\+jwCgR e )+ R c (r P +R,)~ 

(r P +Ri) (1+y’cu CgR c ) 

Complex voltage amplification A/, is given by 

. _Eg,_ — iiRiR, _ 

h Eg, r r R\-\-ju>C gR ( r r R\-\- R c r RcRi 

_ —pRiR c _ (9) 

rpRi+ReTp+RgRi ( \+ju)Cgr p ) 

Advantages : (/) RC coupled amplifier has the advantage of 
uniform response over wide range of frequencies, 

(i7) cheap and easy to design, and 
(i/i) no distortion in the output. 

Disadvantages : (/) These are not efficient, i.e. higher voltage 
is drawn from supply source to give sufficient voltage to plate be¬ 
cause most of the voltage drops across the load. 
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(//) It is not suited to higher frequency voltage amplification 
as interelectrode capacitance becomes active at higher frequencies. 

Frequency response curve : From the construction of equi¬ 
valent circuits it is clear that the expressions for the voltage 
amplification in the intermediate frequency range does not depend 
upon frequency, or we say impedance is pure resistance which 
remains constant at all frequencies so that voltage amplification in 
this region is constant. . 

At low frequencies, capacitive resistance in the series circuit is 
high so that voltage reaching the second stage is less because it is 
equal to the voltage drop across R, minus voltage drop across 
capacitive reactance. Thus the 
low frequency voltage that 
would otherwise be developed 
across the grid leak is reduced. 

This causes a decrease in voltage 
amplification at low frequencies 
as is indicated by the bend in 
the curve of figure 8. 

The reduction in amplifica¬ 
tion at high frequencies occurs 
due to the various capacitances 
which shunt the coupling and 
grid leak resistances. At suffi 


\m*c/s 


| tow* 


grid .ea* ic»»uu«~. Fig. 8. Frequency response curve 

cicntlY high frequencies, the effective load impedance is decreased 
enough because of low values of shunt resistances. Thus the out¬ 
put voltage of the amplifier is considerably reduced. The situa¬ 
tion is shown by the bend in the curve of figure 8. 

The distinguishing feature of this type of amplifier is that the 
voltage amplification remains substantially constant over a wide 
range of frequencies. r 

10 2. STUDY OF THE FREQUENCY AND PHASE 
RESPONSE OF RC-COUPLED AMPLIFIER : 

The voltage amplifications of RC coupled amplifier at low, 
intermediate and high frequencies arc given by 

pRiR c 


A/= — 


r,,Ri -f r p R c +RiRc 4 
pRiR c 


0 >+ Ri) 
j"C 


Am-=-~ 


r pRiA’ r pRcA~ RiR> 

pRiRc 


jj r p +Ri) 
m C 


and 


r p Ri+r p R c +RiRc 

» __ _ _ 

h ~ r P R,-\-r p R c +R,Rc (1 +>C g r p ) 
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The intermediate frequency response of the amplifier is cons¬ 
tant in magnitude and hence the low and high frequency perfor¬ 
mance canto generalized by using the mid frequency performance 
as standard of comparison. 

pRiRc _ 

A, r p R,+r p R c +RiRe~j ( r„+R,)lwC 

uR'Rc 


r p R c +rpRi+RiRc 

1 _ 

J f _1 

mC | _r p Ri+r p R e +RiRc J 


-( 1 ) 


The second term in the denominator is an inverse function of 
frequency and at a particular frequency /, this term is equal to 
unity. The frequency can be calculated as follows : 


r] 


or 


. r _ r >+ R ‘ 

ujC \_rpRi+r p R c +RiR 

r, + *, 1 


l 


» r 


2nf*C [ r^+rpRc+RiR, 



Inserting (2) in equation (I), we have 
A/ _ 1 

A,ii 


...( 2 ) 


...( 3 ) 


1-J/l// 

The equation gives the magnitude and phase of amplification 
at low frequencies with respect to values at mid 
Since the phase angle at intermediate frequencies is 180 , as inoi 
catcd by the negative sign, hence all angles for A, lie in the third 
quadrant. 

"■ &J{ R?W> - (,) 

The frequency/i is known as lower cut-off frequency. The 
phase angle is given by 

in addition to the inherent 180° shift of A 


di— tan' 




i.e. 


»,= 180 o + tan- 1 ^- 


...(5) 


A dimensionless plot of equations (4) and (5) is shown in 
figure 9. 

It is observed from the graph that as the ratio///i decreases, 
the gain asymptotically approaches zero while the phase shift 
approaches 90°. 


Untuned Potential Amplifiers 


439 



Fig 9 Gain and phase shift curves for RC amplifier in low 
K frequency range. 

Similarly, the high frequency gain ratio is 

__——r- 

Ai. r r R, + r,R,+ Ri^ i±t££[d. 

a iiRiRc _ 

"7^r r R<+R,R' 
rpRi + fpRc + RiR* 

- f pRc + r,Ri+RiR‘+ R I R ‘ J wC t r r 

I 


1 + 




•( 6 ) 


r P Ri R< 


The frequency/, for which the second term in the denomi- 
nator becomes unity is given by 


h 


2 rrC 


7 (r, + /J, + «!)' 


• (7) 


...( 8 ) 

...(9) 


Thn freouenev f, is commonly known as upper cut-off frequ- 
ency Th Subs?itutlng equation (7) £ equation (6), we have 

As,. 

A m !+////• 

from which| . 

and 9 /,= —tan"*///, in to 180 ’ shift of gam 

A dimensionkss'plot'of^quations (9) and (,) is show'n in 
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Fig. 10. Gain and phase shift curves for RC amplifier in high 

frequency range. 

10 3. GAIN BANDWIDTH PRODUCT OF RC COUPLED 
AMPLIFIER : 

The width between the upper cut off frequency /* and the 
lower cut off frequency f expressed in cycles is defined as the 
bandwidth of the amplifier. Thus 

bandwidth B=(/ 2 — fi). —(0 

Generally f x is very small and hence f % alone may be regarded 
as bandwidth. According to equation (7), 

B=/t= *k (t/tWJ- - {2) 

The bandwidth may be increased by decreasing the factor 

but at the same time the mid frequency gain also 

decreases and hence the product of mid frequency gain and band¬ 
width is regarded as the index of the quality. 

_L_Li+-l+J) 

2 nC g \ r p Ri Rc) 

t r or -P) 

Equation (3) shows that the gain bandwidth product is inde¬ 

pendent of the circuit parameters R tt R Cf C. If for the given tube 
and circuit parameters the bandwidth is increased, the gain will be 
proportionately reduced. It is again clear from equation (3) that 
for large gain bandwidth product g m should be large while inter- 
electrode capacitances should be small. 

13 4. EFFECT OF CASCADING ON THE BANDWIDTH : 

In order to increase the gain (which can be obtained by a 
single stage) several stages are used in series and the process is 


/4 m xbandwidth = 


f'pRi + r P R C + RiR c 

P — Sm 
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known as cascading. Let us consider the case of n such stages. If 
the voltage gain per stage is A, then the gam in cascading will be 
A\ If ^/denotes the mid frequency gain, then overall gain of the 

amplifier will be (A m ) n . . . r t u AC : no i,> 

In case oflow frequency range, the relative gam of the sing 

stage is 

(Ai \ _1_ 

and hence the relative gain using n stages in cascade is g.ven by 


(tr 


Nfrr 




, hp the lower cut off frequency of the cascade amplifier, 

whict ^defind as the frequency "at which the relat.ve gam is 

7T' /,e - , 


or 


or 


fu 


/« 


...( 2 ) 


In the high frequency range the relative voltage gain of n 
stage cascade amplifier is given by 

(fir 1 


BIT 

If fin is the upper cut off frequency, then 

- [Mf:)’] 


V2 


or 


[ 

,+(£)'-«*. /»=/. (2 ,,n —1) ,,! 


V 2 


...(3) 


Since f.» fu the effective bandwidth is given by ' ft,. If “ 
clear from equadon (3) that the bandwidth is increased by a factor 

V(2 1 '"->)• 
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10*5. EFFECT OF CATHODE RESISTANCE AND 

CONDENSER ON THE FREQUENCY RESPONSE OF 
AN AMPLIFIER : 

At low frequencies the effect of the condenser C can be neg¬ 
lected, otherwise the circuit becomes complicated. Figure 11 shows 
the actual circuit of RC amplifier and its equivalent. 




( b) tQUivoltnt w/ft>C oe<ny 
Ntgltdeo 



*» 


(c) siralificd form 


Fig. II. 

The impedance of R\ and Cj is given by 


1 1 , . ^ 
zT/r, +7 ' 


1 +jwC l R l 
Ri 


z* 


Ei 


1 +j<*>CiRi 
nEgkRo 


r p -\-Ro-\- 
E*a=E* i —E*= YLg x —IoZ*, 

where 1 0 is cathode circuit current. 

/‘E gk 


In=- 


r p~\~B 0 -\-Zk 


...d) 
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or 


Egk = Vgy 

Egk | 1 + 


pEgkZ k _ 

r r +P o+Zk 
pZk 


or 


E gk = 


r P +Ro + Zk 

Er._ 


)-Ert 


1 +- 


pZk 


r P +Ro + Zk 
Eg^rp+Ro+Zk) 
w-^Ro+Zk+vZ,; 

From (2) substituting the value of Eg* in (I), 

Eg , (r„+Ro+Zk) 

Eg - = (M^+ZT) >,+*«+ z ‘+ &)' 

, , Eg,_ r*t __. 

Gain at low frequency A,= )>+ z k (\ +(*)+*.> 

__ 

‘r p +Zk (I +t*) + ^< 


...( 2 ) 


•■■(3) 


At medium frequency Z* can be neglected ; hence 

Thus gain at low frequency is decreased due to the factor 
7 ,/ 14 -u) in the denominator. 

10 6. LOW FREQUENCY COMPENSATION OF RC 
COUPLED AMPLIFIER : 

amplifiers f * n *°5;J as K frequency as desired. The loss ot the 

sn jfS td 

resistor*as* show n^nfi g • 12 . The filter consists of a resistance R, 




-9^P0i 


Fig. 12. (a) Low frequency 
compensation of R-C 
amplifier. 


12. (6) Equivalent circuit of frequency com¬ 
pensation. Since r p is very large, 
it may be omitted from circuit. 
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and a condenser C/. The filter provides a plate load impedance 
that rises with decrease in frequency and can compensate for the 
reduction in gain caused by capacitor C. 

From the equivalent circuit, the current 1/ is given by 


•SmE g x 


(Zc/1 


1 


I,= 


I \7«W/ _ v. 

1 j 


•••(I) 


R c + 


jdlC 




RfljpjCf 

*t+i l 


ju>Cf 


Since (Rc+Jc)> >( *'+)■ 


We can ignore the later. Therefore equation (1) can be 
written as: 

li^-gmEg, ( R '- ...( 2 ) 

The output voltage E*, is given by 

E *. R I- [ Rc -jf wC ) ...(3) 

Al= ir~ S "' ( R ' + ){.Rc-jl^C) ' ...(4) 

Since Rr> > we can ignore the latter in comparison. 

wCf 

Therefore 
A, 


—(*- a H(dfar) 


...( 5 ) 

If C(Ri=CR ct the gain at low frequencies is independent of 
frequency. In other words time constant of the coupling circuit is 
equal to the time constant C/ R/ t A/ is independent of frequency. 

10 7. HIGH FREQUENCY COMPENSATION OF RC 
COUPLED AMPLIFIER 


There are two methods for the high frequency compensation 
of the RC amplifier : 

1. Shnut compensation 

2. Scries compensation 

1. Shunt compensation : In this method an inductance L is 
placed in shunt with C g in the plate load so as to counteract the 
effect of C g in reducing the load impedance at high frequejicies. 
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inductance is so chosen ithat it and jn of the following 

asfJSfflUf. «* Th ' circ ”“ 

arrangement is shown in fig. 13. 



The magnitude of the high jjjj P- ^ 

l Am \ T+^cTRf-2LC,)+»'L'C.' ) 

f _ 1 •••(*) 

2*C f Hi 

Substituting this value of/, in equation (2), we have 

| Am \—-gm*i X j +(L tic,tR,*) {fjftf _ ) ...(4) 

7(i+(i - 2Lic7m(m'TL^i c ^Ri') (///.) J 
Since mid frequency gain is /!».- > ere or 

equation (4), we have t \ 

I J I / / 1+ ( L*ICg 2 Rl i ) (///i)_ — | ...(5) 

It is convenient to define a quantity 2 as 

L 


Q ~C,R? 

Introducing Q in equation (5), we have 
\ Am | II 1+&UM \ 


...( 6 ) 
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A graph plotted between relative gain | Ah | / Mm I as a 
function of (/// 2 ) for different values of Q is shown in fig. 14. 



Fig. 14. 

The voltage gain may be constant upto a certain designated 
high frequency. It can be seen from figure 14 that Q =0 45 pro¬ 
vides an improved band width if a very slight response rise can 
be tolerated. Thus 

e-efs ?- 0 ' 45 

is a condition of maximum flatness for the response curve. The 
required value of L can be obtained by the following expression 

L=0-45 C g R / 2 ...(8) 

2. Series compensation : 

The circuit arrangement is shown in fig. 15. 



Fig. 15. Series compensation. 
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In this case a small inductance coil L, is connected in series 
with the coupling capacitor C. At high frequencies the coil i, 
resonates with the input capacitance C,„ of the next stage thus 
causing an increased voltage across C„. Since both C* and are 
across the input of the next stage, the input voltage ard hence the 
gain is boosted. 

10 8. INDUCTANCE-CAPACITANCE (LC) COUPLED 
AMPLIFIER 

The circuit of the inductance-capacitance coupled amplifier 
differs from that of the resistance-capacitance coupled amplifier 
only in the use of an inductor plate load instead of a plate res ston 
The use of an inductor instead of a resistor in the plate circuit 
makes possible the use of a smaller plate supply potential for a 
particular tube operating conduction, since the dLc. resistance of 
fhe inductor is small and so the d.c. potential drop across this 
inductor will also be small. 

The impedance that the coupling coil offers to the signal 

cies the inductance of the coupling coil is made as high as is 

practicable. The inductance of chokcc ?' ls „ h r °T 
impedance for a.f. amplifier ranges from 10''o 800I henrys. I tic 

schematic diagram of the amplifier is given in figure 16. 



Fig. 16. Impedance coupled amplifier circuit using iriodes. 

Voltage amplification of the impedance^coupled Amplifier : The 
method of determining the voltage amplification Produced by th 

range. The equivalent circuits for the three frequency ranges arc 
given in figure 17. 

Fxnressions for voltage amplification at low, intermediate and 

bighfSSSX C» be deduceS on . ri.m » 

case of RC coupled amplifier. For example, we shall deduce here 

voltage amplification at low frequencies. 
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*c £ Q, 


• 4 Ye 



(a) At low frequencies. 


(b) At mid frequencies. 

~ _/ JvL 


— ft™ 






T 


ft 


/V f 1 -M.£g,io>L 
T j<oL+r p 


(c) At high frequencies. Fig. 18. Thevenin’s equivalent 

Fig. 17. Equivalent circuits at low, at low frequencies, 

mid and high frequencies. 

The Thevenin’s equivalent circuit of fig. 17 (a) at low frequen¬ 
cies is shown in figure 18. 

The total impedance of the circuit is given by 

7 -R 1 1 1 r P'J° iL 

f + JwC+r,+jwL 

The current I flowing in the circuit is 
_ fiEgj jwL 

l__ ju>L-\-r p _ 

R [ 1 1 r pJ u,L 

c+ jo>C + r p +joiL 

-/xEg, jwL 

= _ jo>L+r P _ 

Rc(r P +jwL)+{r p +jwL)lju}C+r p ju>L 

r p +jwL 

__ — pEg, jo)L _ 

R c r P +jcoL{r p +R c )+ - (l) 

The output voltage Eg t is given by 
p — f*Ey, ju>L x R c _ 


...( 1 ) 


E* = 


R c r P +joiL (r p +R c )+ 


E_ jr P 
C wC 


...( 2 ) 
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The complex voltage amplification A, is given by 


A E? » 

A / = =r- = 


—pjojLRc 


Eg ‘ R,r p +jo>L (r,+ R<) 


J'p 


_ •• (3) 

C OjC 

From the consideration of equivalent circuit value of A m and 
A/, can be deduced. 

Frequency response curve 
of the amplifier : The analy¬ 
sis shows that the iesponse 
is generally similar to that 
for the RC coupled amplifier 
except that the flat region is 
narrower, although the mid- 
frequency gain is somewhat 
higher. 

The decrease in gain is 
greater at both low and high 
frequencies than for RC coup¬ 
led amplifier. This is due to 




'5 00 C/s 


1 SAC/S 


Fig. 19. 


r#£QO£A/CV/M CA 
Frequency response 


curve of 


an impedance coupled amplifier. 

the fact that the impedance of a resistor is fairly un.fonri over all 
frequencies and its distributed capacitance .s ne 8 l 'B ,bl . e - '*"* 
impedance of a coil varies directly with frequency and the coil has 
an appreciable amount of distributed capac.tance At low audio 

frequencies, the impedance of coupling co.l will be relatively low, 

thus causing a decrease in the voltage gain at these frcquenc cs. 
The distributed capacitance of the coil increases the total shunt 
capacitance of the circuit, and at the high audio ‘ ‘ b ‘ s 

increase in C c causes more of the output current to be by-passed, 
thus further decreasing the voltage gain at these frequencies. 

10 9. TRANSFORMER COUPLED AMPLIFIER : 

In case of RC coupled and impedance coupled amplifiers, the 
amplification per stage has been limited to a value approaching to 
u of the tube. In order to increase the gain, it is possible to use a 
suitable ideal step up transformer. Following are the properties ot 
an ideal transformer : 

(/) primary and secondary impedances arc infinite inductive 
reactances ; hence there will be no losses by magnetising currents, 
or in other words winding have no resistance. 

(//) whole of the magnetic flux of one winding links with 

the other winding, i.e. % coefficient of coupling is unity. Further 

M=V(LpL,) 

and the transformer ratio is 

-M , „ 

(///) Impedance of the secondary load as viewed from the 
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primary terminals of the transformer is i e. when a resistance 

R is connected across the secondary of a perfect transformer of 
turns ratio w, its effect on the primary circuit is the same as if the 
secondary circuit were omitted, and a resistance equal to R/n 2 were 
connected in parallel with the primary. 

Audio amplifier cir¬ 
cuits using a low fre¬ 
quency (iron core) trans¬ 
former as the coupling 
unit between two succes¬ 
sive stages are called 
transformer coupled au- Eg 
dio amplifiers. In the 
transformer coupled am¬ 
plifier the load impe¬ 
dance of the plate circuit 
is supplied by a step up Fig. 20. Transformer-coupled amplifier, 
transformer which delivers its secondary voltage to the grid of 
another amplifier. The output of one valve is transferred to the 
second through electromagnetic induction and the secondary vol¬ 
tage is n times the primary voltage where n is the ratio of number 
of turns in the secondary to the number of turns in the primary. 
The transformer serves the following purposes : 

(/) it isolates the d.c. components of voltage and current in 
the adjacent stages, 

(//) it couples the a.c. output of one stage to next stage, and 
(hi) it provides the simple means for stepping up or stepping 
down voltages etc. 

Analysis of a transformer coupled amplifier : 

Figure 21 shows the equivalent circuit of an ideal trans¬ 
former : 




Fig. 21. Equivalent circuit of transformer coupled amplifier. 

The name of circuit components are given below : 
/^effective resistance of primary winding 
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L = primary leakage inductance 
L /n =magnetising inductance of primary 
resistance due to eddy current loss 
C p =distributed capacity of the primary winding of the trans¬ 
former 

C m =winding capacity of the primary and secondary 
/^effective resistance of secondary winding 
£,== secondary leakage inductance 
C,=secondary distributed capacity 
R ,=input resistance of next stage 
C/=input capacitance of next stage 
n=ratio between the number of turns in the secondary and 

, „ of C. placed across 

,hc iSSJT55^ ° f c ' «■ be b1 ' co “ d ' “ 

the stored energy as follows : 

Let Ei is voltage across the primary, 

E> is voltoge across the secondary, and 
E, n is voltage across the C w . 

Then £ sb£i±£ 2 **£i (1 ±«). 
positive sign is used when voltages arc additive and negative when 

subsractivc. . , 

The energy stored across the capacity C m per cycle 

-PmEm* 


or 


\C m E x '( \±n)K 


Considering the capacity C in the secondary, the 
stored is 

= \C EJ=\C n'-ES. 

Comparing equations (1) and (2), we get 




energy 

...( 2 ) 


...(3) 


In other words, we can say that instead of considenng the 
capacity C„, we can consider a capacity [(l±n)/n) C„ in tl 

secondary- valent of fig 2 , is comp |icated. hence approxi¬ 
mate analysis is made on the following assumptions : 

(0 In a well designed transformer R rd a usually large 
comparison to R r of the transformer primary and hence it, being 
in parallel with R „, can be omitted. „ , . . 

(//) R, in shunt with the secondary is usually large and hence 

omitted. omjt(ed sjnce its va | ue is f ar smaller than the 

capacity reflected from the secondary to the primary. 

The equivalent simplified circuit of fig. 21 as viewed from pn- 
mary is shown in fig. 22. 
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Fig. 22. Final equivalent circuit of transformer coupled amplifier. 
Now we shall consider the performance of the amplifier for 
low, middle and high frequency ranges. 

(1) Low frequency range : The low frequency range lies 
much below the parallel resonant frequency of L m and C\. Follo¬ 
wing points are observed in this range : 

(a) the reactance of C, is so high that it constitutes open cir¬ 
cuit and hence it can be omitted. 


(b) Now the current flowing through 

is negligible; so the voltage drop across them may be neglected. 

The equivalent circuit for this I-»- - 

range is now shown in the fig. 23. J, I 

The plate current l r is given by 3 


Voltage across L m f 

=j»L m \ P l-1- 

- j<oL m . Pig 23. Equivalent c 

# ( r p~rRp)+j<*>L m transformer 

This voltage must be equal to amplifier in 

/n, hence quency range 

-fxEpJwLn, , Eg. 

{r,,-\-R P )+jujL in ‘ n ' 

The complex voltage gain at low frequency is given by 
A, J* 1 * _ 


...(4) 




Fig. 23. Equivalent circuit of 
transformer coupled 
amplifier in low fre¬ 
quency range. 

...(5) 


(r p +R,)+jwL„ 

The magnitude of A ( is given by 
I A, 1=-^-. I" ._ 


l J ( r p+Rp) ■ •••(*> 

u)L m 


where the angle <£=tan 


2 ci=tan->!ii-^. 


-.(7) 
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If we define a frequency fi as 
2* fiL m =r p +R pt 

then the magnitude of Ai is given by 

A,= jii+C/iTf}' -< 9 > 

where /, is known as lower half frequency. 

(2) Middle frequency range : 

From equation (7) it is clear that when wL m =r P +R P > the 


voltage gain is^. Middle frequency range starts from frequency 

A upwards. In middle frequency range, 

the frequency is large enough to make reactance wL„, quite 
lar°e so it can be omitted from the equivalent circuit, 

(b) reactance offered by C, is so high that it can be regarded 
practically equivalent loan open circuit and may be omit¬ 
ted from equivalent circuit. 

The equivalent circuit in t s/r2 tp+L S / n e 

middle frequency range now be- -1 

comes as shown in fig. 24. J 

In middle frequency range, ig 

no current flows beyond a neg- § n,**m & 


/Ip+ffo 


ligible core loss current and 
hence no voltage is lost. There- 

f0rC — ( J? fl =+Ef,/n. ...(10) 

The voltage gain is given 
by 






Fig 24. Equivalent circuit in 

middle frequency range, 




...(H) 


(3) High frequency range : 

In high frequency range 

(a) reactance of L m is very high 
so that is practically equivalent to 
an open circuit and may be omitted. 

(b) reactance of C x is small at 

high frequencies and hence can not 
be omitted. . . 

The equivalent circuit is shown 

in fig. 25. 

The plate current is given by 


*S/n? £p+ L S/ n * 



Fig. 25. Equivalent circuit of 
transformer coupled amplifier 
at high frequency range. 
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Voltage across Ci is given by 

-^cer 


{r p +Rp+^+j [" ( L r+ „*) W C, ] 
This voltage should be equal to Egjn , hence 

_ ~^->cT _ 

(»>+*#+j5r)+/[" ( L ' + ?)“^] 


...(13) 


* 

A/i—r 


-un 


1 

7'o>Ci 


E ^‘ ('*+*»+§)+■/[“ ( L ' + §) «cj 

1 


••■(14) 


Due to the reduction of reactance ^=r and increase of reac¬ 
tance cu ^ Lp+^j at high frequencies, the voltage gain decreases. 

The frequency of this resonance is given by f 2 

Frequency Response Curve : Figure 26 shows the variation of 
voltage gain with frequency in a transformer coupled audio ampli¬ 
fier circuit. Curve A represents the voltage gain of the circuit while 
using a high grade transformer, and curve B shows the voltage 
gain of same circuit while using a low grade transformer. 

Insufficient primary in¬ 
ductance is responsible for 
the drop in the curve at low 
frequencies and for a high 
grade transformer in which 
primary inductance has been 
increased gives a batter low 
frequency response. 

At high frequencies the 
self capacitance of the se¬ 
condary winding and the 
leakage inductance of the pri¬ 
mary acts as a series resonant 
circuit. Thus they produce a 
peak in the resonant curve. 

The height of the resonant peak can be materially reduced by 
increasing the secondary resistance. A high resistance of 0 5 to 10 



Fig. 26. Frequency response curve of 
transformer coupled amplifier. 
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mega-ohms shunted across the secondary is effective ‘.Yduon'"^ 
the resonant peak from the characteristic. The amplification 
more nearly constant over mid frequency range. 

Advantages .©duce hjgher amplification P? r . 
impedance coupled amplifier. In this case very high value of coup 
ling inductance must be used. . 

(ii) The voltage drop across the transformer winding s negh 
gible. thus making®*, possible to use a low voltage (high tension) 

batte (tf/j In transformer coupling high frequency cut-off is very 
sharp. 

DiSdvanta^es are the taw*. •!» SW «* 
formers required to produce high fidelity. 

NUMERICAL EXAMPLES 

1. Determine the gain of a 

audiofrequency amplifier stage atfrcquenc.es 50 and 1000 kc/s.gnen 
,hefoUowi 

Valve anode resistances 100 Kit, 

Anode load resistance =250 
Capacitance of coupling capac"°r--00\,.l-. 

The frequency^! OOO^niay'bifConsidered as middle f.equency ; 

hence the stage gam is given by ^ ^ 

Am ^ - TpRi+rpR. VRiRc 

200 250 : I0 3 x0*5x 10*_ _ - 

= - 1 00 X 10 ^ 250 x uFi Too X 10 “x 2-5 x 10 * V 250 x 10 “ x0 5 x UP 


25000 X10° 


-125 


or 


2000x10” 

in decibels = —20 log, 0 l25=-42db. 
At 50 cyclcs/sec. (low frequency), 
stage gain at middle freq uency^, 
stage gain at low frequency ‘ j*CR 

p—p | r P '^ 1 

whey; i Rl + rp 


= 1 - 


tuC/T 


=05xl0« + 


lOOx 10 3 x250x 10 3 _40 


TuO x 10M-250 x 10 3 
stage gain at middle freq uenc y 
Hencc stage gain at low frequency 

V 


= 1 “ 2 x 3- 1 4 x 50 x 6 01 x 40-° x 40 x 10 & 
= 1-05585 j 
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stage gain at low frequency__ 1 _ 

or stage gain at middle frequency 1—0^5585^ 

or amplitude =^{^-76)*+(0 4252)*}=0 87. 

Stage gain at low frequency= 125x0-87=109 
in dbs. = 20 logio 190=41 dbs. 

2. A three stage RC coupled amplifier has the following 
constants : 

plate resistance r p = 10,000, valve amplification= 15, 
external resistance=80,000Q, loss in coupling condenser—5/. 
Find the voltage across the last output resistance for an input 
of 3000 microvolts. 

Let the following circuit represent the first stage of the ampli¬ 
fier. 

Voltage across Ri 
R i 
Ri+r p 

_15x3x 10" 3 x80x 10 3 
10xl0 3 +8UxI0 3 
45x 80x 10“ 3 


90 


= 40x 10~ 3 . 



Now we take into account the loss 
across coupling condenser Fig. 27. 

5 y 40 * 10 -8 

40X 10“ 3 would include a loss of-y^— 

loss in condcnser=2 x 10“ 3 . 

Input for the second stage=40x 10~ 3 —2x 10' 3 

= 38x 10" 3 volts. 

^ . # 15x38x 10 _3 x80x 10 3 

Drop across second stage Ri= - ^ - 

„ 38x80xl0- 3 19x80xl0' 3 u 

.. A/= ---=- — -vons. 

o 3 

. . . 5 v 19x80x 10“ 3 76xl0- 3 

Loss in the second stage = — X-r-= —r- 

1UU 3 3 

u • , , ... . . I9x80xl0- 3 76x 10" 3 

Hence input for the third stage-=----^- 


(19x 80—76)x 10~ 3 _1444xl0- 3 


volts. 


Fo, .bird >,a E c ,.„ agt dc.p- 1 ^ 

1444x40 


9 


X10* 3 volts. 



Untuned Potential Amplifiers 


457 


Loss in this sta S e =J5o~ x - 44 ** 4 — * 10 " 3 v0,ts - 


2888 x 10 -: 


volts. 


Input for the next stage=£ 


ri444x40_.1444x21 1Q _, vo| , s> 


=!^ 4 x 38 X 10-®=160-44 x 38 X10" 3 volts. 

, 9 A lw0 stage RC coupled amplifier uses triode valve in the 

4 ° a flJo IS (^aU:ulate the value of the coupling condenser so that the 

^S*%*%*2* »‘ ,ow lhe mediUm freqUtnCV ^ 

Thfsuge gain of RC amplifier at low frequencies is given by 

pRiRc _ 

Ai= --- (r„ +Ri) 

r r Ri+r p Rc + Ri R <+~~JZC~ 

The stage gain at mid frequencies is given by 

v-RiRc . 

A '"-~ r p Ri+ r p R c +RiRc 

a 1 


A/_I_-=* 

Hr r p+ Ri \ 

1+ c^cL *>H/+ r p R c +Kt K c ] 


...(1) 


Am ^ J { 1 + (»C* c )‘ } 

r. Ri+r p Rc+ RiJC_ 
where R c = - 7^+Ri 

20x I0 3 x 100x IQ*+20x 10®x I x 10*+1 00x 10 3 x 1J£ 
=- 20x10®+ 100x10* 

= 101-667x 10* ohms. 

At 50 c/s, the gain is 2 db below the medium frequency range 

ga ' n \A I 

/. 2=20 log,o 1^1 

or |^s|= Anti log Anti log 01 = 1-259. -(2) 

Substituting equation (2) in equation (1), we have 

■-w-i{'+(ab} “ < 1M9 >- 1+ COT? 
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or 


or 


(c oCRcf 


=(1*259)*—1=0*58 or -^^=V{°' 58 }= 0 ' 76 


1 


r=0*76. 


2tt/Cx 101*667 xlO 4 
SolviDg it for/=50 c/s, we have C=0 004^/. 

4. A resistance capacitance coupled triode amplifier has anode 
load of 25 kilo-ohms , coupling condenser of 0 01 micro-farad , dyna¬ 
mic plate resistance of 20 kilo-ohms , amplification factor of tube of 
40 grid leak resistance of 500 kilo-ohms and total shunt ca P a< j 1 ’ 
tance of 100 micro-micro farad. Calculate {a) mid band gam (b) 
lower and upper high power angular frequencies , (c) magnitude and 
phase angle of complex voltage gain at angular frequencies oj 1 UU , 
5000 and 600 X /0 3 radians/sec. 

(a) Voltage gain of the amplifier at raid frequency range is 

. — pRiR c —P _ 




r^+r'Rc+Rrfc r p ^_ r p j | 

Re Rl 

, __=-21-74 

20 x 10 s 20 x 10 s 


500x 10 s+ 25xl0 s ^ 

(b) Lower half power angular frequencies oj, is given by 





J 


1 


20 xlO 3 x 25x10’ 


+ 500 xlO 3 


^20xl0*+25xl0 3 
= 195 7 radians/sec. 

Upper half power angular frequency w 2 is given by 


1/1 1 1 \ 
= + /?, +R, ) 


1 


lOOxlO-'^OxlO 1 25x10 s r 500x 10 s 
= 920 x 10 3 radians/sec. 

(c) Voltage gain at angular frequency of 100 radians/sec is 
given by 

Am __ ' ^ j Am 


1 


1 


+ 


1 


■) 


1-7/.// 


or 


V (!+(/.//)“ 


A = 


2 LZ!_ =99 

^•7/inn^i 


V[1+(195-7/100)*] 

Phase angle <j>= 180°+tan -1 f/f 

= 180°+tan -1 1-957=243' 
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Angular frequency of 5000 radians/sec lies well within the 
mid band. Hence voltage gain is equal to A m i.e., (21 74) and 
phase angle is 180°. 

Angular frequency 600 x 10 3 radians/sec lies close to the upper 
half power frequency. Hence voltage gam at th.s frequency is 
given by 


A=-r-P-r 777 or | A |= 


1 +jf!h 


21'74 


v<i+(///*)*} 

r=18-2 


thsi 

T6e (600/92.) 

= 146° 54' . . . 

6 A valve amplifier consists of a valve 

is the amplification , if this impedance consists of 

(a) resistance of 30,000 Q. . 

lh\ a coil of 5 mH and 25 Q resistance shunted by a capacitor 
of O OOlpF, the amplifier in this case being operated at the resonant 

frequency of this circuit. . . 

(a) The equivalent circuit is shown in figure 28. 

W uR, 25x 30,000 

Amplification = - - = - 30,000+30,000 

_25_12-s. 

2 



Fig. 28. 


Fig. 29. 


(b) The equivalent circuit in this case is shown in fig. 29. 
If Z is the impedance of ABCD then 
1 _ 1 . ^ R-j'ojL 

Z 
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+ joj ( C ~ K+uHF ) 


”tf 2 +a> 2 I 2 

At resonance j term should be zero; therefore 

c ~WT L oHJ =0 01 c== R t +«‘ 2 v’ 

R?+ a,‘L‘=§-, «‘L*=§— * s or o,L=Jfc-R 2 )■ 


Hence Z= 


Now Eg,- 


RC 

Amplification will be 

Eg, _ V-L 

r pRC + L 


RC 

-&gi z __ 

L L 

r p+J>.r~ Fp+ RC 


M E gx 


RC 


2Sx5xlO- 3 _ 25x5_ 

= “30x 10 3 x25x 1 x 10- 3 +5x 10- 3 “ 30x25x0*001+5 

— ^ =—2174 

“"5*75 2 4# 

6. /I transformer coupled amplifier has a triode with amplifi¬ 
cation factor 20 and plate resistance lOflOO ohm. Effective primary 
resistance = 1000 ohm, effective secondary resistance=9000 ohm ; 
magnetising inductance of primary =10 henrys\ leakage inductance 
referred to the primary=0'l henry , effective total capacitance across 

the primary=400 pfi and turn ratio ^ = 3. Calculate (/) mid band 

gain t (//) /on er //a^ power frequency , (Hi) resonant frequency in high 
frequency range , (iV) gain at a frequency of 20 cycle per second . 

(/) Mid band gain=/* ^ = 20x3=60 

(//) r/=*,+*>= 10,000+1,000= 11,00012. 

Let f be the lower half power frequency, then 
2*fi L p =r p ‘ 

1000 1 *TC , 

= 175 c/s. 

9 

(iii) Resonant frequency / a in high frequency range is given by 

, _1_ « 

Ji 27rV(L,C,)'“2Trv'(0-l x400x 10- 12 ) 

=7-9x10* cycles/sec. 

(iv) The gain A at a frequency of 20 cycles per sec. i.e. A i0 is 
given by 


f= r p 

2ttL p ~~2ttx 12 
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A 20 


'm 


60 

7{'«T 


60 


V(1+75-69) 


= 3*4. 


7. A transformer coupled amplifier has the following values 
of circuit constants : 

Valve 6J5 constants ; r p =8 8kQ> p = J5, C tp = 3pfC llk = 3pf and 
C P k = 4pf Trasformer constants Rd. c - = 200 ohms R i ' = 2700 ohms , 
L p =45 henry t C m =300 pf> C p —10 pf> C s =50pf k = 99 8°/ Q , n=3. 
Both polarity dots are at the top. The following stage is a 6J5 with 
a resistance load and a gain of 15 /_180°. The stray and w _iring 
capacitance on the secondary side of the transformer is 50 pf. 
Compute all values necessary to draw a graph between gain and 
frequency. 

Assume L/=(l-k) L P and Lf for an iron core trans¬ 

former. 

Gain at mid frequency range=/i«= 15 x 3=45. 

_ _ „ r r n~\~ Rdf 

Lower cut off frequency fi= — 


( 8 i 8+°-2) j_ 0 a = 3i. s , es 

2nx45 


Total shunting capacity 
=n 3 ^ C,+C„+C m 




-12 


= 3 2 £ 50 + 50 + {3+(l +15) 3} + pX30o]x!0 

=2557 pf. 

£ • 

Total leakage inductance=Z. / >' + ^f 

= (!-*) L P +n* (\-k) L P /n 2 
= (1 -0-998) 45+ 3 2 (1-0-998) 45/3 2 

= 0180 henry. 

Resonant frequency^ 

1 

“ 277-^(2557 x 0-180 x 10-* 2 ) 

=7400 cycles. 

7?/=2700 ohms 

R.= g-'= 2 ~=300ohnis. 




n* 


2t7x7 4OOxO-18 =0>90 


R P +R,~~ 8-8+0-2+0-3 
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2 . 

3. 

4. 


EXERCISES AND PROBLEMS 

1. Derive an expression for the voltage amplification of RC coupled triode 

amplifier for: 

(а) low frequency range, 

(б) intermediate frequency range, and 
(c) high frequency range. 

Discuss frequency response curve of RC coupled amplifier. 

What is the effect of cathode resistance and condenser on the frequency 
response curve of RC coupled amplifier. 

Draw and explain the gain and phase shift curves for RC coupled ampl - 

ficr in low and high frequency ranges. . 

5 What do you mean by gain bandwidth product of an amphfier ? Obtam 
an expression of the gain bandwidth in case of «C ^upled amphfier and 
show that it is independent of the circuit parameters RR c ana c. 

6. Draw the circuit diagram of low frequency compensation of amphfier. 
If the filter circuit consists of a resistance R, and a condenser C,, an 
time constant of the coupling circuit is equal to lhe * ,me 

then prove that the gain at low frequencies is independent of frequency. 

7. Obtain an expression for the high frequency compensation of «C amphfier 
Plot a graph between relative gain \ A k I / \ A m I as a function of ( flf.) for 
different values of Q. The symbols have their usual meanings. 

8. (a) What are the advantages of impedance coupled amplifier over 

coupled amplifier. 

(6) Derive the expression for the voltage amplification of an impedance 
coupled amplifier for intermediate frequency range. 

9. Discuss the frequency response curve of an impedance coupled amplifier. 

10. (o) Prove that in case of transformer instead of considering a capacity 

C in primary, we can consider a capacity C l(l±n)/n]* in the secondary 
where ;i is the turns ratio. 

(6) Draw a circuit diagram and its equivalent circuit in case of a trans¬ 
former coupled amplifier showing all the capacitances existing between 
different components. 

11. Derive the simple expression for the approximate voltage gain at the mid 
frequency range of a transformer coupled amplifier ? 

12. A triode is used in an RC coupled amplifier. The load resistance is 25 
kilo-ohm, coupling condenser is 0’2(VF, grid leak resistance of the next 
stage is 10* ohms, total shunt capacitance is 140tnxF. The amplification 
factor of the tube in the region of operation is 20 and dynamical plate 
resistance is 15,000 ohms. 

Calculate the voltage gain of one stage of this amplifier in the middle 
frequency range and also the lower and upper cross over frequencies. 
What should be the value of coupling condenser to have a lower half 
power frequency of 10 c/s ? 

13. The slope of the anode current, grid potential curve of a three electrode 
valve is 105 mA/V and the slope of the anode current anode potential 
curve is 0'04 mA/V. What voltage amplification will the valve give across 
an anode resistance of 15000.Q ? 
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Hint gm =dI P ldV t = 105 ntA/V= 1-05 X 10“ 3 
L = o-40x10" 3 or r p = 2500-0 

r P 

Now p=r p xgm=2'625 

pR, 2 62 $ X 1S000 

Amplification = ^ +f - = 1500 0+25UO 

freauency of IS kcs. The output is fed by a coupling condenser of 
negligible resistance to a grid resistance of 380 kilo-ohms and total shunt 
capacitance of 90w*F. 

Hint. Voltage amplification at high frequency 

pRiRc 


■ fp R c +r p R,+/<<M 1 4 >C> 7 ) 


['+''( 


Rc+ 

R,Rc 


2 c 2 r, 


)], 


u „ fl _48 r *=ulg m =4 00000, oj = 2rr x 15 X 10 3 , 

c _90x 10~“F, Ri=l60x 10 3 i2 and /? t =380x 10 3 ohm. 

. VA = — 35 * 6 . 

”■ »*a sss iss.'sai.ifay 

frequency \00k c/s. 

Hint. Equivalent circuit is shown in 
fig (30). 

Voltage amplification 

pRi 

*r P +/?/(l+7^^>) 

Here *,= 1<W>, C-lOOx 10-‘*F 
r,=2x 10*3? and 
lu =2x3’14x lOOx 10 3 

100 100 
^•=12h-I 2-567 = [{1‘»4 HI2-56)*)«flJ 
= 5 - 75 . 

,6 A triode is used in RC coupled amplifier. The load resistance is 30 kilo- 
6 nhms coupling condenser is 0 005pF. grid leak resistance of the next stage 
is , Meg "C shuo. capacity is lOOpF. plate resistance of the valve ts 
8.000 ohms and its amplification factor is 20. Calculate : 

(a) the voltage gain of the amplifier at the medium frequency range, 

(h\ lower and upper half power frequencies, 

SvaTue of the coupling condenser so as to have a lower half power 
frequency of 15 c/s. 



Fig. 30. 
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Hint, (a) A m • 


pR/Rc 


r p Ri + rpR c +RiRc 
_£-= -154. 


—-f 1 

R c + Ri 


(b) Lower half power frequency 


fi= 


1 

2 nC 


1 


rpRi 


Re 


= 31*64 c/s. 


r p +R/ 

Upper half lower frequency 

/ t=J -L (- —x 10< c/s. 

}t 4 nC t \rr + KiRc) 

1 f_!-l=001aF. 

r /i Ur P Rilr P +Ri)+Rci 


(c) 


2 nf x l{r p R,lr p +R,)+R t 
17. (a) Each stage of a 3 stage RC amplifier has its lower and upper cut off 
frequencies to be 100 c/s and 100* c/s respectively. All stages are identi¬ 
cal. Find the 3 db bandwidth of the amplifier. 

(6) The first and the second stage of a two stage RC coupled amplifier 
have the lower cut off frequencies to be 100 cycles and 200 cycles 
respectively. The upper cut off frequencies of them are 140* c/s and 
100* c/s respectively. Find the over all 3 db band width of the 
amplifier. 

Hint, (a) Let / in slower cut off frequency of cascade amplifier 
/flower cut off frequency of individual stage 

=(2'' 3 -°ij>^ = 196 CyCleS ’ 

Similarly / 2n =/2(2 1/n — l) 1/a = 51 kcs. 

The overall band width of the amplifier «/ t n-/in , = 50 , 804 kcs. 


(*> 4 


1 


v2 _ [i+(/i//i«) 2 r 2 


i 


hit rar 


Similarly 


/,„=210 cycles. 

1 1 


V 




An=78 kcs. 

Bandwidth =/ Ir ,—/ ln =77-79k c/s. 
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V lit M'lV " *-- 

18 A valve having an 

of 7000!? is to be used as * P , ower resjsIanC e winding 

° f 

frequency 100 c/s. 


Hint. \ p = - 


pE gx 


• • 


r p +jujL 

pE*\ _ 

y/ (r p t +« l L*) 

E gi =l P -j<*>L 

pEg x uiL 

VW+^i 

nputL 



% . a • ,lE 
Amplification = — -jjr- 


Fig. 31. 


VlV+"**'*) 

==-14. 



FEED BACK AMPLIFIERS 



When a part of output signal is combined with the input sig¬ 
nal, feed back is said to exist. When the voltage returned to the 
input circuit is in phase with the signal voltage, it will increase 
the strength of the signal input and consequently, will increase 
the gain ; such a feed back is referred to as positive feed back or 
regeneration. When the voltage returned to the input circuit is 
180 degrees out of phase with the signal voltage, it will decrease 
the strength of the signal voltage and thereby the gain; such a 
feed back is known as negative feed back, or inverse feed back, or 
degeneration. 

Characteristics of positive feed back : 

O’) Frequency response curve becomes sharpened or the 
range of uniform amplification decreases. 

(if) Gain of the amplifier increases. 

(Hi) If the feed back is enough, oscillations may take place. 

Characteristics of negative feed back : 

0) Tends to flatten the frequency response curve and extends 
the range of uniform amplification. 

00 Practically reduces the frequency and phase shift distor¬ 
tion. 

(Hi) Increases the stability of an amplifier. 

0'v) Reduces the gain. 

(v) Higher fidelity. 

(W) Less amplitude distortion. 

(W/) Lower ratio of noise level. 

(v/i'O Less harmonic distortion. 

110. GAIN WITH FEED BACK : 

The principle of feed back is illustrated in fig. 1. 

In the diagram, a voltage E, is applied to the input terminals 
of the amplifier. Suppose that the voltage drop at the output 
terminals is V 0 . Let a fraction of it, aV 0 , be fed back in series with 
input signal in such a way that the resultant signal that appears 
between grid-cathode terminals has the form 

. E*'=E,+aV 0 . ...(1) 

By definition, normal gain A of an amplifier is 

_ Output voltage __V 0 

Input potential between grid and cathode ~E/ 
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or AE/=V 0 . 

Putting the value of 
Eg from (1), 

A(E,+aV 0 )=Vo 
or AE g =V 0 (l—Aa)^ 

But the resultant 
gain of the amplifier 
including the effect of 
feed back is defined as 


SIGNAL £ g 



A/ : 


Fig 1 
output voltage 


Negative feed back principle. 

V 0 A 


...(3) 


input signaTvoltage E* 1 Alt’ 

£ fA sSs 

m If the numerical value | 1-A« | >1. then A, < a 

- $ rA = 1 ^ 1 “-! - > * - 

ssra-iSt ™: 

i”k= *S •- o»=il.».or . d«vic« fo, >»»>"» 
alternating voltage. 

(4) If | Ax | > 1, then 1-Aa^-A«. 

L. 

A ~~Aa « 

We now infer that : 

, If A « v. i, then the gain is inversely proportional to a 

and (hi frequency SS 

Thus1i(h°a proper^design of the feed back network, the amplifier 
JSfc'Si fo have an, de.ired freqnene, respon.e. 

<»> 'W s,'' r.cfzf e ai i “.«“ e s"Sr, , 4h i «e“' 

5SS I".* p»“dVdfh?M backfactor is ,a, E e. 

if | Ax 1 s> 1 and load does not form a part of the feed 

Wlr network then the amplification is independent of load .mpe- 

bock netwoK, tnen in*< v depcnde nt upon load impedance, 
tTthe 0 Sfifiion $ can be m’ade to vary in a desired manner 
with load impedance. 
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Thus if feed back is positive, i.e., a is positive, then 

A - A 
A/ 1—Aa 

If feed back is negative, ie. a is negative, then 

A 


...(4) 


A/_ i+a« " ,(5) 

The presence of the negative feed back in an amplifier results 
in a number of desirable characteristics as discussed below : 

(I) Stability of Amplification : Suppose that the feed back is 
negative and the feed beck factor Aa is made large in comparison 
to unity ; then resultant gain will take the form 

a '-k4 •••<*> 

From equation (5), we infer that Aa is large compared to 
unity : the actual amplification with negative feed back is a func¬ 
tion of the characteristic of the feed back network only. In parti¬ 
cular, if a is independent of frequency, A/ will also be independent 
of frequency. This will substantially reduce the frequency and 
phase distortion of amplifier. 

If Aa>l, then— <£ A 

a 


and A«%>— <|A. ...(7) 

Thus the overall gain of Ihe amplifier with negative feed back 
is less than the normal gain without feed back. This is the price 
that must be paid to secure the advantages of inverse feed back. 
This is not a serious price to pay since the loss in gain can be 
overcome by the use of additional tubes. 

Even if equation (6) is not completely valid, there is consider¬ 
able improvement in general stability. Taking log of eq. (5). 
log A/=log A —log (1 + Aa). 

Differentiating, we get 

d\f _ dX a d\ 

A / A 0+Aa) ...(8) 

= —/ i gA \ ^A / 1_\ 

A \ 1+Ax ) A\I-FAa / 

dXf 

re P resents the fractional change in the overall gain and 
dX 

"A gives the fractional change in A. If, for example, in a parti¬ 
cular amplifier (I+Aa)= 5, the variation in any parameter that 
might cause a variation of 5% change in the nominal gain will 
result in a change of only 1% in the resultant gain of the amplifier. 

(2) Reduction of frequency and phase distortion : It follows 
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from eouation (4) that the overall gain of the amplifier is almost 

-Sr ess? S a 

fundamental frequency. 

of feed back, we have 

Aa 

B,'(l+Aa)=B», 

= -(9) 

K (1 + A «)= 10, then first harmonie distoruon with feed back 
is only one tenth of its value without feed back. 

„•!. INCREASE IN BANDWIDTH OF AN AMPLIFIER DU 
TO NEGATIVE FEED BACK : 

- - - - 11 

given by ^ = _A__ -(D 

A. high frequencies, the glmCf”RC coupled amplifier without 

feed back is expressed as 


A_ 

A ‘ - i +gir* 


...( 2 ) 

where/, is the upper 

Se gain 'S hijh frequencies with feed back be denoted by (A,,)/. 

then from equation (1), we have 

,. > A »— -( 3 ) 

Substituting the value of A* in equation (3) from equation (2), 

.., ~TWK2 = * 7T ^ ’" (4) 

(A*)/ — 


I+«- 


A m 



l+a A 


1+ 7(|"+*A«) 


In case of feid’bS amplifier, let/,' represent the upper cut 
off frequency then 
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A m 


(AaV 


1 4~ a An: 

1+ l 


Comparing equations (4) and (5), we get 
fs=fl (l+ a A m ). 


...(5) 


...( 6 ) 


It is clear from equation (6) that the upper cut off frequency 
is increased by a factor (1 +a A m ) which is, of course, greater 
than 1. 

(2) Low frequency performance : 

At low frequencies, the gain of RC coupled amplifier without 
feed back is given by 

where f x is the lower cut off frequency. 

A / 


Now 


(A/)/ 


...( 8 ) 


1-faA/ 

Substituting the value of Ai in equation (8) from equation (7) 
we have 


(A/)/< 


l+« 


A m 

1 -Jfllf - A m 

A„ l+« Am—jfllf 


1 -Jfllf 


_A 

l+“Am 


if 


...(9) 

/(1+aAm 

In case of feed back amplifier let /,' denote the lower cut off 
frequency then 

A„, 

...( 10 ) 


(A i)r 


l+aA„ 


1 —Jfllf 

Comparing equations (9) and (10), we get 

/,,= Th5aj -(H) 

This expression shows that the lower cut off frequency of the 
feed back amplifier is reduced by (l+aA m ). 

Conclusions drawn from eqs. (6) and (11) predict increase in 
bandwidth as shown in fig. 2. 
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mhoar feed && 
± 


BAND r*Drn 


WfTHf&O 
■1 . j8ACX 


ba/jd worn 

»/WB££OBACK 



(/» a Ami 


±_ . 

UaAm f#£Q(/£MCy 
Fig. 2. Increase in bandwidth with negative feed back. 

H-2. FEED BACK CIRCUITS : 

(i) Current feed back circuit: It is the system in which the 
voltage fed back from the output of the tube is proportional to the 
current through the load. This type of feed back is known as 

‘current feed back*. . . ... th(4 

(ii) Voltage feed back circuit: It .s the system in which the 
voltage fed back from the output of the amplifier is proportional 
to thf voltage across the load. This type of feed back is called 
•voltage feed back’’ 

(iii) Compound feed back circuit: This utilise a combina¬ 
tion of current and voltage feed back. 

m Current feed back : In most of the amplifiers self biasing 
is used. The self biasing is achieved by connecting a parallel 

combination of a resistance and capacitance in cathode lead. The 

value of the bypass condenser is so chosen that even for the lowest 

frequency of the input signal, the reactance ol the condenser is 

verv small Under this condition the total impedance of the cathode 
may be neglected for a.c. operation. In this case no feed back is 
achieved. In order to achieve the inverse current feed back, the 



Fig. 3. (a) Cathode feed back amplifier. Fig. 3(b) Equivalent circuit. 

condenser is omitted from the cathode lead. Now only the resistor 
being in the cathode lead. The feed back ratio is the ratio of this 
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resistor to the load in the plate circuit. Figure 3 (a) shows the 
circuit diagram of cathode feedback amplifier. The a.c. plate 
current flowing through the cathode impedance R c produces an a.c. 
voltage drop which is superimposed on the input voltage E* to 
constitute the voltage E/. Polarity of this voltage is such as to 
reduce the signal voltage E* and hence overall gain is reduced. The 
circuit, therefore, provides current inverse feed back. The feed 
back is affected through the resistor Rc, the feed factor being 
RjZ a . 

The equivalent circuit may be analysed to get an expression 
for voltage gain as follows: 

Voltage feed back = /? c I/- 
Effective signal voltage E c '=E f — 

From the equivalent circuit. 

(r,+ R<+Z a ) 

or ^ (Eg - R t l p ) = l p (/yr R< Z a ) 

I = _ 

' '(',+ *,+ Zj+Xd 
= _ 

r^-RAl f-M)-rZ. r,'+Z. ’ ...(1) 

where »>'■=!>-»■ R c (1 ff*)- 

Thus ihe gain of this amplifier 


[A/l 


-Z Jp _ 




VI a 



Equation (I) gives the current in the plate circuit and this 
may be interpreted to show that the effect of negative feed back is 
to increase effective internal resistance of the tube from r r without 
feed back to r p given by r p '=r p +R c (!-}-{*). 


From equation (1) it is possible to draw the alternate a.c. 
equivalent circuit of fig. 3 (a) as 
shown in fig. 4. 

The internal impedance with 
out feed back r p +R €m 

The internal impedance with 
feed back r ;> •- R c (I + ,i). 

The ratio of internal imped¬ 
ance with feed back and without 
feed back is given by 

VI *r(H *0 , Rc 
r P +Rc ~ 



Fig. 4. A.C. equivalent circuit 
of fig. 3 (a) 

r P +Rc ...(3) 


So, if the effective internal resistance of the tube is high com¬ 
pared with the impedance of the load, the current is sufficiently 
independent of plate load. 
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*(ii) Voltage Feed-back: Figure 5 shows a RC coupled 
amplifier with voltage inverse feed-back. Voltage developed across 
load resistance Z a is coupled by coupling condenser C to shunt 
resistors R x and R t . Voltage developed across Ri is feed back to 
input in a way as to be subtracted from the input E*. 

rf 

The normal gain of amplifier is given by [A]= - - ^ J and x 

' P I t'U 


in this circuit is 


*1 

Rt+R i 



Fig. 5. RC coupled amplifier with inverse feed-back voltage. 

The resultant gain with feed back is 

A jiZJOy -fZ,) 
l-A« | 

-nZ a 


A f 


V&;) 


(/>+Zj+tpZ. 

-pZ a 


where 


r p -\-Z a (1+a/x) 

~F_ y 

_(I +«/*) " _ -n'Z e . 

. y r /+ z * 

'‘’=if^ and r '' = i+'«7 


...(3) 


• i -r ■ ■ 

Hence the resultant gain is that which would be obtained from 
the tube whose amplification factor is f and the plate resistance is 
r„'. The tube behave s as if it has effective amplification fac tor of 

•If Ihere is phase difference of 180 " bciween output and input, the 
feed back is negative as shown in fig. 5. 

in case of double stage RC coupled amplifier the phase difference w.H 
be 360° and hence the feed back will be positive. 
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-and dynamical plate resistance r/=. — 

1+a/z 1 


£—. Thus both 


the effective amplification factor 
and dynamic plate resistance have 

been reduced by the factor 


. (!+«/*) 
as shown in fig. 6. This indicates 
that a tube possessing high plate 
resistance, can be effectively con¬ 
verted into a low plate resistance 
tube and thereby permits an 
impedance match to a low impe¬ 
dance load: 



Fig. 6. Alternate form of a.c. 
equivalent of fig. 5. 


(iii) Compound Feed Back : 

The circuit showing the compound feed back is given in figure 7. 



Fig. 7. Circuit showing compound feed back. 


A.c. plate current flowing through cathode resistance R c pro¬ 
duces a voltage drop which gets added to the input voltage E, in 
such a polarity as to reduce it. This, therefore, provides current 
inverse feed back. The feed back factor in this case is RdZ a > 


Fraction 




— of a.c. output voltage is feed-back to the input to 


provide voltage feed back. 


Thus the compound feed back factor will be 


z. + X»+R,' 

Here we assume that (/? 2 +/?i) > Z 0 and the reactance of 
capacitor is negligible over the frequency range of operation. 

The voltage gain with current feed-back is given by 

A __ —pZg 

Fp-VZa + Re U+P) 
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Now the voltage amplification with current feed-back as well 
as voltage feed-back is given by 

A c —^Z fl /r p +Z 0 +/? f (1 -tm) 


A/= 


J-Aca l-[-/iZ fl /r p +Z fl -f/? c (l+M)J« 
—\FL a 


[A/]= 


f>+Z fl + /?c (l+/i)+/iZ a a 
— flZ a 


r p~rF c (l-rf*)4-Z fl 
which may be written in the form 


r* i -p'Z a 

rA/1= r?+Z:' 

and r\= r ' +Rc(l * ll) 


...(4) 


where *'=<Th*)“ ,, “ • (!+«(*) 

Equation (4) suggests that the 
circuit of figure 7 may be repre¬ 
sented by a.c. equivalent circuit of 
figure 8. 

We know that current inverse 
feed back increases the internal 
impedance whereas voltage feed back 
reduces it. Thus the internal impe¬ 
dance in compound feed back is a 
function of relative effects in two 
types of feed back, i.e., it may be 
increased or decreased. 



Fig. 8. A.C. equivalent circuit 
of figure 7. 


113. EFFECT OF FEED BACK ON THE INPUT TERMINAL 
IMPEDANCE: 

In this article we shall examine that how the input impedance 
of the amplifier is affected by the presence of the feed back. A 
generalized treatment of the problem will be considered. It will be 
found that the effective input impedance increases for both 
voltage and current feed back. 

(a) Voltage feed back : The block diagram of voltage feed 
back amplifier is shown in figure 9. 



Fig. 9. Block diagram of voltage feed back amplifier 
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The input impedance with feed back is given by 



From figure 

E f =E/-aEo. 

E t '—aE,-_E t '—aAE L= E f - ( ,- gA) . 


Z ./= 


I 



The input impedance without feed back is 

Z,4'. Z I/= Z, (1—ocA). ...(3) 

For negative feed back | (1-aA) | > 1, therefore, the input 
impedance with feed back is greater than the input impedance 
without feed back. 

(b) Current feed back : The block diagram of current feed 
back is shown in fig. 10. 



Fig. 10. Block diagram of current feed back. 


In this case 


But 


rw 


E* E/-E/ 


I 1 

E/-luZ/ 

1 




-.(4) 


a - ^ and E, = E ( 'A. 

**a 

Z„=[ (E s '-E/A*)=^'(l-A«) 


or Zif-Li (I—Aa). ...(5) 

Equation (5) shows that input impedance with current feed 
back is greater than the input impedance without feed back. 


114. EFFECT OF FEED BACK ON THE OUTPUT 
TERMINAL IMPEDANCE : 

The output terminal impedance of a circuit is the impedance 
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looking back from the output terminals into the energy source 
such that load impedance is connected in the circuit but the input 
potential is reduced to zero. Clearly, the output impedance of the 
amplifier is nothing but a parallel combination of the effective 
internal impedance Zi/and the load impedance Z u . We know that 
Z,/ depends upon the type of feed back, hence the output impe¬ 
dance will also depend upon the type of feed back. 


Figure 11 shows the output 
terminal impedance of the gene¬ 
ral feed back amplifier. The 
output impedance Z<,/ is the 
ratio of the current I 0 into the 
output terminals when a poten¬ 
tial E 0 « impressed. Hence 
Z ,f Za 


Z of 


Z,/+Z„ .. (I) 



rig. It. The output terminal impe¬ 
dance of the general feed 


The output impedance with 
out feed back Z 0 is given by 


hack amplifier. 


Z 0 = 


z, z, 
z,+z* 


...( 2 ) 


The value of Z,/ in case of voltage feed back is given by 

Z ' .-(3) 


Z,/ 


I — a A, 


In case of current feed back 

Z,/=Z,-A ,K„. -(4) 

(a) Voltage feed back : In order to find out the output ter¬ 
minal impedance with voltage feed back, the input source to the 
general feed back amplifier is reduced to zero and a voltage source 
E 0 is applied to the output terminals. The situation is shown in 
figure 12. The internal amplifier circuit is represented by an impe- 



Fig. 12. General voltage feed back amplifier for calculating 
the output terminal impedance. 

dance Z 0 . Due to the voltage feed back, an internal voltage source 
of AaE 0 volts appears in series with Z 0 . 
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The current I 0 from the applied source is seen to be 
¥ Eo-AaEo 

°~ Zo . 

Now effective output impedance with feed back is 
7 _E 0 Z 0 
Zo/ I 0 — 1 — Aa 


...(5) 

..■( 6 ) 


The equation (6) shows that the output impedance is reduced 
by a factor (1—Aa). 

Alternate treatment: When the feed back loop is closed, let 
the output current I 0 from the generator has two parts : One part 
I, flows through the amplifier while the other part I 2 enters into 
the feed back loop. Thus 


I0-I1+I2. 


where Ii=—— ^ gE ° - and I 2 =^ » 

Z-o Z a 

where Z a is the input impedance of the feed back circuit. 

. * E 0 —AaE 0 E 0 I 0 1—Aa 1 

- ,0 - T 0 + zT or Fo =- zr + zT 

In general Z« is far greater than Z 0 , i.e. Z a P Z 0 . 

. Io 1—Aa _ 7 Z 0 

e„ — z 0 orZo ^rar* 

(b) Current feed back : In this case also the voltage source 
is reduced to zero as before, and a voltage source is applied at 
the output terminals. The situation is shown in fig. 13. //is the 
current flowing through the feed back impedance Z/. 



Fig. 13. General current feed back amplifier for calculating the 
output terminal impedance. 


Applying Kirchoff’s current law to the output circuit 


E 0 —I 0 Z 0 —AI/Z/—IuZq—AZ/ ^ I 0 __?L j. 

This gives I 0 (Z 0 -AZ/)=E 0 |l — A 
z 0 /=e 0 /i 0 =(Zo— AZ/)/(i—AZ//z a )=z 0 1 Za 
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11*5. CATHODE FOLLOWER : 

All the amplifiers we have dealt with so far are of the groun¬ 
ded cathode type in which the signal is applied between grid and 
cathode, the latter being grounded. These amplifiers are most 
commonly used. There, however, exist other configurations for 
vacuum tube amplifier, cathode follower. 

Fig. 14. shows the cir¬ 
cuit arrangement of a catho¬ 
de follower. 

In this amplifier an in¬ 
crease in grid to ground vol¬ 
tage E*. increases the plate 
current l p and thus increases 
cathode to ground voltage. 

Thus the cathode follows the 
grid in its change of poten¬ 
tial with respect to ground 
and hence the name ‘cathode 
follower’. 

When an alternating signal voltage E f is applied between the 
grid and ground we see from the figure that whole of the alterna¬ 
ting output voltage V„ is returned to the input circuit. Since the 
voltage is opposite in phase to E f , the feed back fraction a is — 1. 

The equivalent circuit of cathode follower is shown in 
figure 15. 

From a.c. equivalent circuit, 

Ip (r,+Z fl WE f '=^ (E f —V 0 )o/4 (E f -I„Z„). 

l p [r p + MI-iOWE* 

I 

p />+Z«(1+m/ 



Fig. 14. Circuit arrangement for 
cathode follower. 


b 



cathode follower. 
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Thus the voltage gain 
A V ° 


\lL a 


E* r P+Z a (1 -f/x) 

Since V 0 =I p .Z at the voltage gain is always less than unity 

and in the limit approaches the value —as the ratio !/-app- 

roaches zero. Thus for tubes with large value of amplification 
factor /x and with Z a p r pt the voltage gain approaches unity. 
Since the gain is almost unity, cathode and grid rise and fall 
together in potential by equal amount, justifying the name ‘catho¬ 
de follower*. 

The expression for current can be written as 

Jt E 


l+M 


+ Z, 


This equation suggests that the circuit of cathode follower 
may be represented as shown in fig. 16. From figure effective 
internal potential E/ and effective internal impedance Z/are 
given by 

E„ Z f 


-or 


' l+^~*’ -''MV 

Output terminal impedance 

Z/.Z a {r p /(l+ M )).Z a 
Z/+Z a />/(! -f /x)+Z„ 

__ r p .Z a ^ _ _ [iZg _ A/ 

^+Z a (l+/0 = £„lr„-fZ a (l+ / x)] = ^ 

Also input impedance 

* Z, (I — Aa) = Z/ (1 + A), 

bade* 2 ^ ' S ,n ^ Ut ' m P cc ^ ance the valve alone without feed- 

, . Effective internal impedance is very low if y. > 1. Thus cat- 

noae tollower has a high input impedance and low output impe- 
ance and may, therefore, be conveniently used as a coupling 
aevice between a high impedance source and a low impedance load. 

Main advantage of cathode follower . 
distortion! * ^ 3S 3 P ° Wer am P ,ifier w »th less amplitude 

from ( (hVloic P e U |s i f«n P an anCe * Very high and so ,he power drawn 

high^pedance" So^ce tnd * 
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(/v) Output is in phase with input. 

(v) Value of output voltage can be changed without the 
change in load. 

116. RC COUPLED CATHODE FOLLOWER : 

Cathode follower circuit is widely used as a coupling amplifier 
between stages. Circuit for such use is shown in fig. 17. 



Fig. 17. RC coupled caihode follower. 

In this circuit C, is the coupling condenser, is the grid 
leak resistance of the next stage and C 2 is sum of the effe^ 
put capacitance of cathode follower stage and the effective input 
capacitance of next stage. 

Fig. 18 shows the equivalent circuit of RC coupled cathode 
follower. 



Fig. 18. Equivalent circuit of RC coupled cathod follower. 

It is generally more convenient and useful to divide the entire 
frequency range into three arbitrary frequency ranges and then to 
calculate voltage gain of the corresponding range. 

(i) Mid Frequency Range : In this frequency range, frequency 
is small enough to make the reactance of C 2 large compared to Z. 
and hence C, may be omitted. Again the frequency is large enoug 
to make the reactance of coupling condenser C, small compared 
with Z a and may be ignored. Thus the equivalent circuit reduces 
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to as shown in fig. 19. The impedance Z of the parallel com¬ 
bination of Z a and R c is 


Z m =. 


z aRc 

Zo + Rc 



Ffg. 19. Equivalent circuit at mid frequencies. 


Plate current at this frequency range will be given by 


1+M 




r P . 7 

1+W' m 


or J p 


(fe) e - 

(i+J + z“F7T c 


Z„.R C 


...( 1 ) 


Therefore the voltage gain 

__Xp_. lp Z m _J P \7 a RJ(Z a +R e )] 

' E, E„ E^ 


A />. 


/ 4 t' Z a R c 

ri E 

Li-i-i* (z.-i /?c)J ' 

(ii) High frequency range : At high frequencies, the react¬ 
ance of coupling condenser C, is negligible compared with R c . 
Reactance ofC 2 becomes significant. Thus the equivalent circuit 

can be drawn as shown in fig. 20. 


("£x) +(l+ ' ,) 


...( 2 ) 



Fig. 20. Equivalent circuit at high frequencies. 
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We have 


1 _ 1 , 1 , , r 
T h -% + R' +JolCl - 


f* r 

Ph? Etf 


The plate current is given by \ P = r - — —r- 

( Z * + 1 +m) 

Therefore the voltage gain will be given by relation 


-(3) 


-.(4) 


A Vn_/|>Z t — 1+F ^ ^ Z| ' - 

'‘" r « e - e,( l+fc) z ‘<'+'■>+" 


(1 + m)+'>/ Z * 

where Z ; , is given in previous equation 
. A//, _ /«/{ (> + /0+*>/Z* } 

NOW 1-Tf/i . « . - 17 l 


...(5) 


A/,„ /*/{ (!+/')+ r i'/Z-») 

_( I +n)+r ,J Z„,_ 

(I | /i) t-r^/Z,, l+M+'V (l/Z m +7'a.C s ) 

_l__ I »_ 

ju.Ctjj. i +M>', | +; - L 

l+ h -\-r p IZm h 


...( 6 ) 


where r' r =r,,Hii +1 +r r /Z„> and/,-1/(2^ 

Here A is the upper half power frequency The form of equa 
tinn is the same for conventional RC coupled amplifier. The 
2nlv difference is that r\C t is much smaller than the corresponding 
va 1 ue^iconvei ntlo na I RC coupled amplifier. Due to this fact the 
imner half nower frequency ft in this case is much larger than the 
us P u P al y?C cEd amplifier! The effective interna impedance 
r /(I +*0 and ?he output terminal impedance is a parallel combina¬ 
tion of r P l( 1 +m) and Z*. 

(iii) Low Frequency Range : In low frequency range, freq 

ency is low enough to make -~i __ 

the reactance of C, very large -L,-1 *T 

compared with Z a and C 2 ** p 

may be omitted. Then cqui- l+/ a I i\ 

valent circuit is of the form g 

as shown in figure 21. ( S J a* r O ^ 

The impedance of ele-. Yi,/ 9 j ^ 

ments Z a , C u B c is 


1=1 + 

Z/ Z d 



*■+**. 


Fig. 21. Equivalent circuit at low 
frequencies. 
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Plate current l p = --- 

TX~+ Z ' 

Voltage gain at low frequency range is 


(l+fO+fp/Zi 


Now the ratio of low frequency gain to medium frequency 
gain can be obtained. The expression is given as follows : 


where /i= 2^r 

Obviously f x is the lower half power frequency. For typical 
cathode follower amplifier, the value of f x is of the same order of 
magnitude as in a conventional RC coupled amplifier. 

11 7. GROUNDED GRID AMPLIFIER : 

Sometimes this amplifier is also called as cathode input ampli¬ 
fier. The amplifiers are either grounded cathode (grid input) or 
grounded plate (cathode follower) or grounded grid (cathode input). 
The basic circuit of grounded grid amplifier is shown in figure 22. 
The input voltage is fed from a voltage source of voltage E t and 
internal impedance Z/. In this amplifier, any current flowing 
through the plate grid capacity will return to the plate circuit 
through ground instead K 

of returning through the l —XTT\ o CS H □ -r 

input circuit as in the 1 1—V s ljU f 

conventional amplifiers. {G ‘ 


■tio?!* n ne£ Fig ‘ 22 ‘ ampMfier CUi ' ° f gr ° Und ' d ^ 

very high frequencies, and so it is often used in high 
implications. The P ath for the plate current in this 
.rough the source of input voltage as well as through 
lra P. edance j °f the in Put plays an important 
•ircu’t operation and should be included in the circuit, 
rows the a.c. equivalent circuit of figure 22. 
he equivalent circuit, the plate current 1„ is given by 
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Fig. 23. a.c. equivalent circuit of figure 22. 

But in the grid circuit 

E,=—(E/+I/Z/) 

_ —u (E,+IpZ,)-E/ 

° r 

' (f+DE. ...(I) 

put voltage Eojsjivcn by _ „ ^ 

The voltage gain of the amp- *_L t 

lifier * s . - 4 £ o 

-- ^l^ rViT Fig. 24. Theven in’s form of 

Z o+rp+l'i [p-r 1 ) . a .c. equivalent circuit 

The input impedance L in of grounded grid amp- 

S ivenby E, Z„ + r„+Z, (m+ 1L lificr - 

Z,„=3^-t— (,.+!) 

= Za+r £ . H . z , - (3) 

(/* + ') , A . %r -cpntpd to the input source at 

Thus the input impedanc p , , own in f Igure . 

the grid cathode terminal is A+r,)/^ 

The output terminal impe- r " H * * 

dance (Z 0 „,)/ of this> •"JP’lJ" 1 * p£LT 

a parallel combination of Z, ana I I 

Z0,hC,,C ‘_^ (4,©* U-- 

(Z ...)/- Z( +Z. I ^ + ' 

where (Z ou ,)r is the l_£- 

nal impedance with feed baa. ^ Equivalcn , inpu , circuit of 

Advantage of grounded grid grounded grid ampler, 

amplifier : 


cT'p 
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1. The grounded grid provides an electrostatic screen between 
the input and output of the amplifier. Thus it improves the 
stability of operation as an amplifier and reduces the tendency of 
oscillations even at extremely high frequencies. 

2. There is no phase change between the output and the 
input voltages. 

3. We know that triode is superior to tetrodes and pentodes 
at ultra high frequency since it introduces less random noise. In 
grounded grid amplifier, the control grid acts in a dual nature. 
The advantages mentioned in first point is obtained in screen grid 
tubes only but now it is also obtained in triode. Thus grounded 
grid triode becomes an ideal amplifier in earlier stages of ultra 
high frequency amplifiers and receivers. 

11 8. ANODE FOLLOWER : 

The anode follower has almost the same gain and impedance 
properties as that of cathode follower but it has a phase reversal 
between input and output voltages. It is a simple amplifier with a 
voltage feed back through an impedance. In cathode follower, the 
cathode potential follows the 
grid potential whereas in 
anode follower, the anode 
potential falls by the same 
amount as the grid potential 
rises. Thus, there is no justifi¬ 
cation for the name anode 
follower. Because of the almost 
equal potential changes in the 
grid and plate potentials, but 

with reverse phase, the circuit ..... 

arcuit. Figure 26 shows the circuit of anode follower.~The voltage 
feed back is provided through Z/. Figure 27 shows the equivalent 
circuit of the amplifier. M 




Fig. 27. a.c. equivalent circuit of figure 26. 

food Iol C,rCUil ,? r f an0de , f0 U 0wer is simply one stage of voltage 
I - 1 : am .Pl'fier with direct feed back from anode to grid 

anaWsk wm ‘ m ' ,edanc ^/. In this case the nodal method of 
y be easier. The node equation at G can be written as 
gL~ E » -1* . Ef—E 0 

z, ~z, zr -O) 
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„ E,Y,+Y / E. 

‘•“Yj+Yz+Y, 


where 




The node equation at P is 

E,-E 0 Ep—(—/»E t ) E, 

Z f »> z “ 

Representing in term of admittances, we have 

E t (Y/— 

E# *Y/+Y,+Y. 

where Y,=J-,. V.=i and 

Combining equations (2) and (4), we get 
(Y/— g m ) (E.YH-Y/Eo) 

Eo = (YTTvP V a ) X (Y.+Y/+Y,) 


or 




Y/+Y, 
( Y/—gw )_ 

W— - , V 1 # V 


E/Yj 


...( 2 ) 


-( 3 ) 


-C4) 


=(Y7+^v7) x (?J+^™ 

Hence the voltage gain A/6 is given by 

r Y/ (Y/ /»wi) __ 

A/»=-g;= (Y7+Y, ; l- Y7 k Yi+Y/+Y c ) - Y/ (Y/-gw) 

Y, (Y/-gw) _- r ...(5) 

or V= (Y , -|-V7+Y f )(Y,+Ya)+Y/ (Y,+Y,+f«) 

I" -der to 

wer, the input voltage ms repla V circuit and tb e current 

f,r“i-o,r “SI A output impedance i. ».» by 

...( 6 ) 


7 _5i 

Z »-lo 


The circuit for calculating the output in,pcd,.ce it show, in 
figiirc 28. 

The output admittance Y 0 

f. 1.4-1* (7) 
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From the figure 


!/>= 


E 0 -(-/xE ff ) 


and 


i,=i;+i.= i+Yr E * (Ys+Y,) 



Fig. 28. Equivalent circuit for calculating the output impedance 
of anode follower. 

*-y E? =^+ E -< v -+ Y '>] 

-[ v,+! <*y,+y,+y,) ] 


...( 8 ) 

...( 9 ) 

- - 0 o 

Substituting the value of E ff from equation (9) in equation (8), 
we get 


Y _Y i (g m-fY g +Yf) 

c y,+y;+y/ - 


...(10) 


NUMERICAL EXAMPLES 

1. An amplifier has a gain of 400. When the negative feed 
back is applied , the gain is reduced to 300. Find the feed bock 
ratio. 

We know that A/. ^ 


300 


l + Aa 
400 

l+400a 


or 


3-f 1200a=4 


I 

1200 ' 

2. The voltage gain of an amplifier is 100 when the plate 
supply voltage is 200 volts. When negative feed back is applied , 
the gain , with plate supply voltage of 200 volts , is reduced by a 


Aoy 

Feed Back Amplifiers 

factor of 40. Calculate voltage gain with feed back for the two plate 
supply voltages. 

A 

We know that a / = J+a7 

With plate supply voltage of 200 volts, 

1000_ 1000 
"40" 1 + Aot' 

ie 1 + A«=40 

Aa=39 (feed back factor), 

_—5L=0'039 
a_ 1000 

1000_, 5 

Then A / = "40"" 

With plate supply voltage of 150 volts, 

. 8 0 Q-_=24 84. 

1+800(0-039) 

3. An amplifier lias three stages each with a gain of 100. 
Negative feed back is now applied by feeding-- m of the output 
voltage to the input of the nega^ve feed back 

gain with feed back. 


Inpur 


Outpd! 



Fig. 29. 

A=voltage gain of the last two stages without feed back 
F r;Sd X K°rnega.ive, feedback factor * must bo 
ne8a Since A= +10.000, « must be negative ; then 

a = —0 01. , i 

Hence ,ol»S= “,*« Wi,t “ b 

-prST i+ io 4 xooi 

Overall gain of aU the three suges-»x 100 
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Fig. 30. 

Again in the second case, 

8 = 0*01 f 

A=100x lOOx 100=10 8 . 

Hence overall gain in the three stages with negative feed back 

10 ‘ -90 00 
1-A« 1 + lO'xO’Ol -yy ' 

4. Following values related to the single stage RC coupled 
amplifier with current inverse feed back are : 

R {~ 20 ki, ° ohms, R t =J mega-ohm, E bb =250 volts, u=20, 
g,„=2000 p-mhos. 

Reactance of coupling condenser C may be neglected. Shunt 
capacitance may also be neglected. Calculate the value of cathode 
resistor R k to produce voltage gain of —10. 



Fig. 31. 

and R,! Z He b nce he impedance of the P ara,lel combination of R g 

Z,= R * Rl - OOPOx lO 3 ) (20xl0 3 ) 

Ag+Fi (TuUOx 10 3 )-j (20x I (j 3 i 

= 19'6x 10 3 ohms. 

20 

= 10 4 ohms. 


Voltage gain = 


r = {L—_ 

P gm 2000x10-* 
—pZ, 


'>+<**+!)-R.+Zi 
20x 19'6x 10 3 


or 


10 10*+21 y?*+T9 : 6xT0 i ' 

21i?*+(29-6) 10 3 = 2x 19 6x 10 3 
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21 J?*=39'2x 10 5 —29'6x 10 3 , 

9 6 x l_° !_-n 4Sxl0 3 ohms. 

A* — I. 


neglected. 



Fig. 32. 

From the figure, feed back ratio, 

_ 200 _= 0 - 001 . 

“= 200 + (1998xlW 

The load impedance and 2 00 tffl, 

Zt=parallel combination ol 23 a^ 

psvin i lx( 200xlQ J ), _22-22 x 10 3 ohms. 

-(200+25) x 10 s 

Overall gain in compound feed bac k ls S l,en ^ 

\iL L _ *'* v 

“r.+d+M) Rc+V+I 1 *) Zl , 

2 0 x 22- 22XJ0! _ ^=8-76. 

-7600+(20+iyT0 J +Tra^ 001 ^ 2 jd from equation 
Effective internal impedance can be obta.ne 

(1) in the following manner . 

7i 

!+/*«_ 

rp+la± l 2J*S+Z,. 

1+/I* 

6. /„ o *C LZfd %$£ 

0/ "” 5 ’ c0,,p 
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condenser C=0'01 pf grid input capacity of the following stage 
C s =100pf Calculate the {a) voltage gain (b) output impedance 
of the amplifier in the medium range of frequency , (c) voltage gain 
at 1‘5 mc/s . 


(a) In medium frequency 
range the effect of C and C s may 
be neglected. 

The load impedance in this 
case would he parallel combination 
of R c and Y g . Let it be Z L . 

• ±=±+±=x*±Rc 
Zl R, R g R c R g 
nr 7 _ *k R * _ 1000x25x10* 
L R g +Rc 1000+25 x 10 4 
=996 ohms. 



Fig. 33. RC coupled cathode follower 


The medium frequency gain A m/ in this case is given by 

A _MZ l __ 40x996 

m/ r p +Z L (\+p) 10,000+996 x41 s0 ' 78 - 


(b) The internal impedance Z,=~ p — 

7 10,000 «.« _ . 

Z/=——=243-9 ohms. 

The output impedance Z 0 would be parallel combination of 
Z/ and Z L . 

L=Lj-' z,z t 243-9x996 . 

Z 0 Z ( 1 Z t Z, ~Z7+Zl~243- 9+996 = 193 ° hm - 

impedlnMbe Z h / reqUCnCy fange C ,S nc 8 |ccled a ° d the load 

Now =i- + -1 +_ 1 —j L 1 , • r 

Z L R c R'-JlmCg R c + R, +Jj,C s 

1 , I 

1000 * 25X 10 * + j* 2 *x l‘5x 10*x lOOx 10-" 
=(10-04+7 9-4) 10-*. 

Voltage goin at 1-5 mc/s is given by 


‘V s 




_= _ b 


r,+ Zt'd+M) 


40 


40 


51-04+/0-4 


or 


I A v| = 


10,000 (10 04+7 9 4) xI0-*+41 

_ 40 40 

V'{(51-04)*+(9-4)*} “51-8 

=077 
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7. Following particulars relate to the composite feed back 
amplifier shown in the following diagram ; n=50, r p =20 KQ. 
Z a =*50 KQ, /?!=--/ KQ and R 2 =49 KQ. 

Reactance of coupling condenser C c is negligible at operating 
frequency. Calculate the voltage gain and effective internal impe¬ 
dance of the amplifier for the following conditions : 

(a) R c =0, no voltage feed back, (b) R c =0 with voltage feed 
back , (c) R c =1000 ohms, no voltage feed back, (d) R c =1000 ohms, 
with voltage feed back . 



Fig. 34. 


(a) R c =0 ; No voltage feed back. 

The output load impedance would be a parallel combination 
Z a and {R\-\-Ri)' 

+ 50x 10 3 x CI -f 49)x 10 3 

z*+(Ri+ R t)~ 50x 10 *+ 50x 103 
2500X10* 5 10 , 

= lOOx 10 3 

— hZl SO x 25 x 10 3 22'22 

A= r p +Z L = ~ 20xl0 3 +25xl0 3 

Internal impedance=/>=20 KQ. 

Output impedance would be a parallel co mbination of r p and 


(b) R c =0 ; voltage feed back is used. 
The a.c. equivalent circuit in 
this case is given below : .— 

1000 


a " 50000 ~ 002, 


From the figure 

I, (r,+Z t )=#*E.=»* [£.+«=. 

=/i[E/+a (—Ip-Zi)] 

| l lEl _ 

h ~r p +Z L ( 1+M«) 

. 




o Ip __ 


1 


Fig. 35. 


—/zZt 


. . - »p*-!* _ I - 

Voltage gam A- r,+Z L (l+v*) 
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—50x25x 10 3 

= 20xl0 3 +25xl0 3 (1+50x0 02) 

= -28-83 

r p 20X 10 s in vn 

Effective internal impedance=jq^7 a = j -j-50x0"02 _1U 

Output terminal impedance would be a parallel combination 
of effective internal impedance and Zl. 

(c) R c = 100012, no voltage 
feed back. 

The a.c. equivalent circuit is 
shown in figure (36). 

The current Inflowing in the 
circuit is given by 
l P Zt)=/zE, 

(E/-I P Rc) 

p r p -\-Re (\+h)+Zl 
-Ip Zl 


or I, 



Fig. 36. 


A/ft 


_-mZ x. _ 

— 50x25 x 10 3 


20 x l0 3 -}-1000 (1 +10)4-25 x 10 3 
= - 20 - 68 . 

Effective internal impedance =r p +R e (1-f/i) 

=20xl0 3 4-1000 ( 51) 

= 71 x 10 3 ohms. 

Output impedance would be parallel combination of effective 
interna! impedance and load impedance Z L . 

(d) /? C =1000 ohms ; voltage feed back is used. 

In the case, we have 

Ip (R c -\-r p -\-Z[.)=nE g 

== # A lE< + aEj.—I p /? f ] 

= |i[E / -aI / ,Z L -I „/?,]. 


Ip= 


**E, 


r p + Rc (I + (i -f-aft) 


1 -fa#* 


Ei 


'■pX/^e (1 +M ) 

^+r~ +Zi - 


Internal impedance 

20x 10 3 -f 1000 (1 + 5 0 ) ' 
(14-0-02x50) 
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._ -\&l _ 

/6 " r p +J?c(l+M)+ z xl 1+** 4 ) 

— 50x 25x 10 3 _ _ 

~20x10 3 +1000(1+50)+25x 10 3 (1 +0-02x50) 

EXERCISES AND PROBLEMS 


= -13-9. 


What are 


4. 


5. 


1. Enumerate Ihe various types of feed back used in amplifiers, 
the advantages of using negative feed back ? 

2 . Discuss th Advantages and disadvantages of apply.ng negative feed back 

3. Obtain an expression for the gain of an amplifier using negative= feed back 
Explain why the application of the negative feed back to an amplifier 
improves its frequency response curve and reduces the distortion in the 

Describe the effect of negative feedback upon -he stability of an ampli- 
ficr. 

What do you mean by : 

(a) current feed-back, 

(b) voltage feed-back, 

(c) compound feed-back ? 

Derive the expressions for the gain in all the three cases. 

6 . Show that the cathode follower is a negative feed back amplifier and pro 
that its voltage gam cannot exceed unity. 

What are the main advantages of cathode follower . 

7 . Derive the expression for the gain of a RC cathode follower for 

(a) low frequency range, 

(b) mid frequency range, and 

8 ^^"^arac,eristics of the cathode follower circuit 1 
Ke an expression for the voltage gain of a triode used as a cathode 

9 . Draw "circuit diagram of cathode follower using a triode valve. Obtain 

expression for input and output impedances. . the 

,0. Describe grounded grid or cathode input amplifier How iireducwtthe 
tendency of oscillations ? Show that .t is an ideal amplifier in U.H.F. 

Referring to current feed back amplifier, cathode resistance * C =1000 
ohms, impedance 50.000 ohms. p= 20 , r,- 20 , 000 . calculate 
(a) Voltage gain of amplifier, (b) internal impedance, 

(c) Output terminal impedance. For the following two cases: 

(i) output developed across Z a and (ii) output developed across * c - 

yZ a 

(0 M Ar 


ii. 


Hint. 


= 10-98. 


(b) Internal impedance =r p -\-R c (1+/*)= 4 I X 10 3 o m 

Internal impedance X Z< 

(c) Output terminal Impedance= jntcrnal impc d^^+Z, 

=22-5 xlO 3 ohm. 



496 


Hand Book of Electronics 


<"> < a) A '=r P +(l+*] R'+Z a ~° 219 

(b) Internal Impedance=^ji-^ = 3333‘3£ 


Internal impedanceX R c 7 » in 
(c) Output terminal Impedance impcdance -q:^“ 775 ™ 

12. An amplifier has an amplification of (2000+/ 0) at 2kc/s and (600—/.1000) 
at 20 kcs. Compare the values of these amplifications if 5% of the output 
voltage is feed back to the input as a negative feed back. 


Hint. Here a= -5/100= -0 05 
(a) At 2 kc/s, A = 2000+j.Q 


2000 


f 


1 —aA “ 1 +-2000x0 05 
(b) At 20 kc/s, A =600 -j .\000 


= 19-8<0° 


A/- 


•v/{(600-H(1000; 2 } Ctan’ 1 (-1000/600) 
1 It6< — 59° 


1 +(600-/.l 000) 0 05 


= 198<-0-8 r 


13. An amplifier has a voltage gain of 200, distortion of 10% and a normal 
input of 0 5 volts, before negative feed back is applied. When negative 
feed back with a = 0 05 is applied, then find the new gain and distortion. 
If the amplifier is required to produce the same output voltage as before 
feed back, then find the new value of the input voltage. 

Hint. Af= / =18 8. Distortion D n ‘ with negative feed back 
1 : Af 


D - ~ rfer - i iTorx zoo - 0 


Now A f E,=A E s or £,=-^- x £,=(1 +aA) £,=5 5 volts. 

14. In a cathode follower, the different values arc, amplification factor n-50, 
plate resistance r p = 20,000 ohms, cathode resistance Z„ = 2000 ohms. 
Calculate 

(a) voltage gain, (b) internal impedance, (c) output impedance. 

Hint. ( a ) Voltage gain= — —-=0*81 

r P -\-6a (l+/x) 

(b) Internal impedance^/f- =392*1 ohm 

1 +/* 


15 . 


(c) Output impedance 


r p Z fl 


:327 1 ohm 


. . . , >p+ Z a {\+ tl ) 

A tr.ode employed as a cathode follower has amplification factor of 40 

a r iZ lUa L C °^ dUClanCC 01 4 " M / vo,! - Thc >oad consists of a capacitance 
Af »iw. w - Calculate thc magnitude and phase angle of the voltage gain 
ot thc amplifier at a frequency of 79 6 kHz. 



Feed Back Amplifiers 

Hint. g m =4x 10' 3 mho, ?= 40 and r p =fi/? m = 104 ohm 

Xc= 2lfC =imQ ' lp= r P +ZA 1 + 7 ) 
v 0 iiz a 80 xio^ 

lO—y.8200 
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A v ° 

A/=p-= 


= E*“/>+(l+/*) Zc 

Maonitudc I. 80X10 3 -^n-Qfi35 and phase angle 

Magnitude Aj- W/1 00 -+-(»200)-} 

= 270+tan* 1 8-2=270 o +83*l o =353*l°. 

16. The amplification factor of a valve is 20 and 4ynamic pia.e reS'Stance , 

8.000 ohms. Anode load 7^20.000 ohms. Cm ; odv ^ 

= 1000 ohm. An audio signal of \m\ r.m s. is app 

O)' 1 a c. output voltage when no cathode bypass condenser is u«:d. and 

(ii) voltage gain for 1000 r/s when cathode bypass condenser ,s 10 pC. 

(iii) voltage gain with fixed bias. 

AC output=8-16Xl (input vollage)=8l6 ms 
(//) Let cathode impedance be Z c 

bx^ixrk^- z ^ 0 ' 25(, ' y - 62 ' 8) 


m a, 


20 X 20,000_ 20 x 20 ,000^14-3 


28005-25—7.329-7 28005-25 

^=-^=1428 

fp-r^a . ->n r = 10.000 ohms 

17. A grounded grid amplifier uses a tnodc having H- - • «• ' , |agc 

and load resistance 12000 ohms. The impedance of the np 
source is 1000 ohms. Calculate the voltage gam and output 
impedance. 

Hint. A ,= _ =586 

' rp+fli+ZiU+f*) 

R,+r „- rZid 1 m) = 204 x 10 1 ohm 
Input impedance Zm= -- 

7 ZinyJ^i -1-71 x I0 3 ohm 
Output impedance Z 0 m»=^ . /?£ 
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AUDIO POWER AMPLIFIERS 


The primary function of voltage amplifier is to increase the 
signal voltage from a low level to a reasonably high level without 
distortion i.e. f keeping the signal waveform unaltered. To achieve 
this object, load resistance is kept high and grid current is avoided. 
If the grid current is allowed to flow during a part of the signal, 
the grid to cathode circuit would offer non-linear resistance. This 
will produce a distortion. Thus we can say that when an a.f. ampli¬ 
fier works under class A conditions, it works as a very good voltage 
amplifier and amplitude distortion is very much reduced. 


On the other hand, the function of power amplifier is to incre¬ 
ase the signal power from a low level to such a high level as may 
be required by the load with very small grid driving power demand. 
To get the high power output, the tube operates beyond the linear 
range of its characteristics /.<?. the operating point is allowed to 
make excursion beyond the linear range of the tube characteristics. 
By doing so, the ratio of average value of plate current I b to the a.c. 
plate current I p is reduced. Its effect is to convert a large fraction 
ol d c. power from the supply into a.c. output. Thus the plate 
efficiency is increased and the wastage of power is decreased. The 
increase of plate efficiency is at the cost of distortion. The harmonic 
components increase in magnitude as the signal amplitude is 
increased to larger and larger values. It is essential to reduce 
distortion in power amplifiers. Two techniques are used (/) push 
pull operation and (//') tuned circuit as the plate load Power 
amplifiers may be operated under class A, class B and class C or 
™yp°'" 1 bctN Y cc n these limits. If the operation is more or less 
linear the equivalent circuit method is applied otherwise the gra- 
pnicai method gives accurate results. 

,j-nc T , h * —° circuil efficiencies under classes A, B and C opera- 
on inrr' . ,n< r rcas,n e or <lcr, but at the same time harmonic distor- 
canVonvpn> S ti" SIQ l' ar ord -‘ r - Radio frequency power amplifiers 
efficiency b-2 nl m B T C op - ra,ion wilh '"S* Plate circuit 

audio frenu7nrv S V he ,uncd e' rcu ' 1 eliminjtes all distortions. In 
be used. To am P l,ficrs c,ass ^ and B operations alone can 

class B audio frrnn ist0rtl0n> P us h-pul| operation is alwys used in 
operaTionlntro^ccT^r:? am P 1 - ,T,CrS : C,ass C frequency 

operation cannot handleV ar8C d,Sl ° rl,0n that even P ush P ul1 


A udio Power Amplifiers 

121. CLASS A, UNTUNED POWER AMPLIFIER : 

These amplifiers are known as low frequency power ampli- 
fiers The circuit of these amplifiers are the same as that of low 
frequency voltage amplifiers except for the output circuit which 
may be series fed or shunt fed. In senes fed c.rcu.t bo.ha.c.and 
d.c y of the valve flow through the same load while in shunt fed 
the a c flows through the actual load and d.c. flows through tn 
subsidiary'cfrcuiL Here we shall discuss series fed * power am- 
plifiers. 

Series fed Power amplifier : nntl , Hass A . 

Figure 1 (a) shows the basic circuit of an untuned class A\ 
series fed power amplifier using a triode valve. Its equivalent 
circuit is shown in figure 1 (6). 


* f c 


-*- 4 ! 


Fig. 1 (a) Triode as a power amplifier. 



Fit? 1 (b) A c. equivalent circuit 

Wc know that in any amplifier, the power is fed to the vacuum 
. f t u three sources’ (/) from grid circuit. (//) from plate 

is impor,an,and 
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constitutes the major part which require careful study. Here we 
assume that; (a) the input signal is purely sinusoidal with no d.c 
component and (b) the load is purely resistive which is R L .which 
means that load line is straight line rather than eliptical as obtained 
with reactive load. The load line over plate characteristics is shown 
in fig. 2. For the complete analysis we shall consider the circuit 
under ‘zero signal* and ’with signal’ conditions. 

Under zero signal (or quiescent) condition : 

Let L and E„ be zero signal current and plate voltage 
respectively. The total power supplied by the plate power supply 
is given by 

Pbb—Ebb I q » 


The total power P b b is used in two parts : a part is used as 
plate dissipation Le. a part is used by the tube which appears in 
the form of heat at plate and the rest in the plate load. The plate 
dissipation is equal to the g a -o 

product of the voltage across T / t* 

the tube and current flowing a. ^ 

through it i.e, 

Pdo—EqJq, ...( 2 ) / 

where Pdo is plate disspated p- / 

under zero signal condition. t— 

The power absorbed in * •=» 

plate load is given by L_^—^ 

Xd.c>—I<i 2 Pl- —O) 

For series fed amplifier j 

Eu, E,, [ Pl Pi g 2 . Output current and voltage 

or l tl Ebh — i<) £,,+ /«/ waveforms in a series fed A x triode 

or Pbb=P<i o- + Pd c —(4) P° wcr amphfier. 


Fig. 2. Output current and voltage 
waveforms in a series fed A x triode 
power amplifier. 


Operation with signal : 

Let us consider that a grid signal is applied, then the plate 
current has d.c. component as well as a.c. component. Let tne 
grid signal be a cosine wave represented by 

eg=E gm cos wt. •••(•*) 

The average power input from the plate power supply Ebb 1S 


Pbs=^ Ebb ib d (o>t) 

= 2 " J 0 Ebb d (" 0 * ...( 6 ) 

The a.c. component of the plate current is usually not a pure 
sine wave for the sinusoidal input because of the non-linearity m 
the characteristics and it can be expressed as 

ip—IpO'\~Ip\m COS wt -\-Iptm cos 2 wt 


. , Dill 

Audio Power Principles 

As the operation is linear A„ so the a.c. co^ponem of the 
output current would be pure cosine wave and hence 

IpQ~ I p2m = ? p2rr = ^ 

P b .=E bb ^J> V** cos -») d{w,) 

=£» «,+** WeT* -I 

=£ , -(7) 

The power delivered to the load is given by 

/,« dM+J’J ip* <*(“0+2 | o ip </(«»')]■ 

But /,- W ™ “» and '« iS C ° n l t " n ' dX ' CUrreDt (8) 

where U is th5 r« value of the fundamental component of 
the current. p ^ pj+Pa £ . (wbere is a c. power output) 

P„.r=l p' n 2v} 0 \ 2 ] 

[«!L* +w , =/*,-■. ...(9) 

Now according to the law of conservation of energy 

p. -Pr 4-Pj. s .=Pj<-+P*c‘+P 1 *-' _ . .. 

where P b , is the total power supplied from the source, P„, is 
plate dissipation in the tube with signal. 

From equation (1) and (7) we have P*,-P*-P«...+'V.- 

/. P J .c + PjO=I , J.c.+ Pac+^- (|Q) 

Equation (10) shows tiiat jgedMfJ£ t ^§S loS 

than that without signa . f act j s very helpful in 

«*. P»»“ »“ pU ' “.'Site Tho amplite ate designed for 

thc «'r SS.TST w 

percentage plate circuit efficiency is given by 

P ” CM - 
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The d.c. power in the load does not provide useful power out¬ 
put. In order to increase the plate circuit efficiency I Q should be 
as small as possible. High value of I q is responsible for low plate 
circuit efficiency of class A amplifier. To increase it the operations 
B and C are used. 

12 2. MAXIMUM POWER SENSITIVITY OF SERIES FED 
A, POWER AMPLIFIERS : 

It is clear from the previous article that to have a high plate 
circuit efficiency, the useful a.c. power output must be maximized. 
The output depends upon (i) tube, (ii) plate supply voltage Ebb , 
(iii) magnitude of input signal and (iv) load impedance. For the 
purpose of present analysis we assume that (i) the tube, (ii) linear 
class Ay operation, (iii) grid signal voltage and (iv) zero signal 
operating point are prescribed and only variable left is load 
impedance which is assumed complex for the generality. Hence 

Z a=BL+jX L . ...(1) 

Considering figure 1 ( b) t the a.c. plate current l p is given by 

I _ P E f _pEr 


Magnitude 


r p + Z a (r p + R l ) +jX L 
_ nE s 


Ip fc+W+m* 


...( 2 ) 


The a.c. power output is given by 

P _ 7 2 D, _ M B t 

° c (vMt) B +Ar L * * - (3) 

The power sensitivity is defined as the ratio of useful power 
output to the square of grid signal voltage 

Power sensitivity*^??=- ifL-L- _ ...(4) 

_ . V (rp+W+XL* U 

Equation (3) indicates that for large power output, the input 
signal must be large and if the signal is weak it should be amplified 
before feeding to the power amplifier. The power output also 
depends upon R L and X L for a given tube and input signal. To 
maximize the power output both R L and X L may be variable and 
hence three conditions are possible (i) R L alone is variable, (ii) X L 
alone is variable and (iii) both are variable. If both Rl and Xi 
vary independently, the condition becomes very complex. Hence 
wc assume that R l and X L vary in such a manner that XJRl is 
constant. 

(/) When R l alone is variable : In order to get the condition 
of maximum power output, we differentiate equation (3) with 
respect to R l and equate it to zoro i.e. 

dR L L J -0 

R L =V(r P i +X?). ...(5) 


or 

or 
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(/,) When Xl alone is variable : It is clear from equation (3) 
that when Xu alone is variable, P a . c . is maximum when A t -0. 

(hi) When Z a is variable : If Z a is variable such that 
Xi!Rl= g=constant, then equation (3) can be written as 


Pa.c.— 


fESR, 


: (r,+Pz,) l +(fi Rtf 
dP .. . r(r,+R L )'+(QRL)'-PL (2('p+ Rl) + 2Q[Rl 1 0 

7rT =I iE ‘ L {(r P +Rtf+iQRtfY J 

or (.r f +R L ) 2 +(.Q R,.Y-=Rl {2(r p +R L )+2Q 2 Ri.} 
or r„=vW+W)=Z.- -W 

In most cases Z„ is pure resistance Rl i.e. Xs= 0. In that case, 
the power output is given by 

p * f* » ^ L ...(7) 

From equation (5), it is maximum when R L =r p i.e. load 
resistance is equal to the source resistance /> The power 0Ut P“| 
so obtained (when r p =R L ) is the maximum power available from 
any energy source and is defined as available power (/a*). 

u _ tp \ <*mWit 

Hence r flu —(/ a-c-jm'ix-— \i — \ r 4 


( 2 r P Y ~ 4 r p 
Now maximum power sensitivity is given by 


...( 8 ) 


Pa. 


“4r, 


...(9) 


Again we have 


Ri. 


Pa c (W*t y _ 

TZ = (JtfRtfi‘ 2E i 1 ~^+ R ^ 


r x4r r~ (r P IR L -2+RLlr P ) 

...(10) 


Figure 3 shows the variation 
of ratio P a . c JPa v with ratio RJr P . It 
is observed from the figure that the 
curve is symmetrical on either side 
of value Ri)r p =\. This is due to the 
symmetry of the denominator of 
equation 10. It is also observed that 
the output is maximum when 
Rdr P = I- 

In equation (9), the quantity 
(u*/4r„) is known as figure of 
merit of the tube and depends on the tube construction Since r, 
is required to be equal to load resistance, it is P refcr "? 

low r„ tube to have a reasonable amount of power output with 
usual value of plate supply voltage. 
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12-3. SHUNT-FED AND TRANSFORMER COUPLED 
LINEAR A x POWER AMPLIFIERS : 

In series fed Ai power amplifiers the load is directly connected 
to the plate but sometimes it is not desirable. One of the reasons 
being that the considerable amount of quiescent direct current 
flows through the load resistance causing a large wastage of d.c. 
power. The d.c. power contributes nothing to the output a.c. 
power. Secondly, the load resistance of an audio power amplifier 
may be the resistance of voice coil of a loudspeaker and it is un¬ 
desirable to pass a large d.c. through it otherwise it may cause 
polarisation of the coil. Hence transformer coupled load is 
generally preferred in audio power amplifiers, whereas on rare 
occassions, shunt fed (parallel fed system) is used. 


Shunt fed circuit: The circuit of a shunt fed system is shown 
in figure 4. The system is often called as impedance capacitance 
coupled system. Generally, the 
inductance possesses a negli¬ 
gible small d.c. resistance. In 
this system the plate supply is 
connected to the plate of the 
tube through a high inductance 
L, the load resistance being 
connected across the output 
through a capacitor C. The 
inductance L must be so chosen 
that u)L p Rl and C must be 
chosen that 1/wC R L over 



Fig. 4. 

the operating range of frequencies. 


A parallel or shunt fed power 
amplifier. 


Efficieucy of shunt fed power amplifier : Figure 5 shows the 
d.c. and a.c. load lines for this amplifier. 



Fig. 5. Dynamic and static load lines of shunt fed amplifier. 
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First of all the operating (quiescent) point Q is obtained from 
the intersection of the d.c. load line and the characteristic for E cc - 
In this case the plate current through the tube is determined by 
the small resistance R of the inductor L. As the d.c. resistance of 
the inductor coil L is negligibly small, for simplicity it is assumed 
that R d . c . is equal to zero. The load line will be perfectly vertical 
and Eb=Ebb. Now the next step is to draw the a.c. line passing 
through Q and having a slope corresponding the a.c. impedance 
of the circuit. The a.c. impedance is equal to R L since reactance 
of inductor L at input frequency is large and may be neglected. 
The reactance of C in comparison to Rl is very small and is neg¬ 
lected. 

p 1Ift max~ I* m»«) (Eft max —Eft ,„/n) (I) 

r a . c .-g v 7 

The total power drawn from the supply voltage E b b is 
Pbb=EbbXlb 


=E b b 
= E 6 


I ft max 4- 1ft min 
2 

Ift max 4" Ift ml" 


since /?</.*.=0 


...( 2 ) 


...(3) 

=2 Eb, 
is 


...(4) 
may be 


The efficiency ij is given by 

(Ift max —Ift min) (Eft mu x —Eh mln)l%_ 

1 —mit max 4-Ift mm)U 
.. (Ift max—Ift mm)(Eft wax —E/, min) 

4 Eft (Ift max 4-Ift ml") 

When large signal is applied, l b max=2 h and Eft max 
Ift min=0 and Eft m/fl =0. Hence maximum power efficiency 
given by 

T" (2L 4E%r - x l00% - =50%- 

Thus using an inductively load a better efficiency 
achieved. 

Transformer coupled amplifier : 

The transformer coupling is useful when very low impedance 
such as the voice coil of 
loudspeaker having resis¬ 
tance of a few ohms is 
to be fed from a power 
amplifier. The transfor¬ 
mer used as a coupling 
device is commonly a 
step down transformer. 

The circuit arrangement 
of a transformer coupled 
amplifier is shown in 
figure 6. 
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From ideal transformer, we have 


F - N -F 

e ”-n, Eo ' 


If, 


and I p —^ Ii* 


where E p and E 0 are the primary and secondary potentials respec¬ 
tively, and I p and I, are the primary and secondary currents. 
Dividing the primary voltage E p by primary current l p , we get 

...( 5 ) 


Ep/AWE, 

i, UJ i, • 


form 


Denoting Ep/Ip by Rl and E«/I, by R L , equation (5) takes the 


Rl 


-tr 


...( 6 ) 


where Rl and R L represent effective input and output impedance 
of ideal transformer. Equation (6) suggests that a certain amount 
of impedance is reflected from the secondary to primary which is 
given by 




m * 


...(7) 


The reflected impedance depends upon the turns ratio and 
impedance of secondary. 

Equation (7) is true for an ideal transformer. In general, 
however, the secondary and primary resistances can not be neg¬ 
lected and due to imperfect coupling, the leakage inductances 
should also be considered. By taking these factors into account, 
the input impedance is given by 

Z,-R. ($)’+«,+*, (£)+*■ [>+I,($)’]■ 

where R P and R s are the d.c. resistances of the primary and secon¬ 
dary respectively, and I,, andL, are leakage inductances.of primary 
and secondary respectively. 

In transformer coupled amplifier the d.c. load line is drawn 
for R p and a.c. load line is drawn for (Ri+R,)(N P IN S ) % , neglect¬ 
ing the leakage inductances. Fig. 5 also applies for this coupling. 

12 4. MAXIMUM UNDISTORTED POWER : 


..( 8 ) 


In the region of small plate current, considerable curvature of 
the plate characteristic exists which causes a distortion. Hence in 
distortion free class A operation, in order to obtain the maximum 
possible output, without making the instantaneous plate current 
too small during the most negative part of applied signal, and 
without driving the grid positive at the positive peaks of the 
applied signal, it is necessary to maintain a careful balance among 
the grid bias, load impedance, plate supply potential and plate 
resistance. 
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Figure 7 shows the graphical construction for the determina¬ 
tion of operating conditions for maximum undistorted output 
power. I p mln indicates the minimum plate current below which 
operation is not to be allowed in order to avoid distortion. 
Secondly point of operation may be allowed between zero grid 
bias and a negative grid bias which yields plate current equal to 
Ip min . Thirdly, we have assumed that above the horizontal line 
corresponding to plate current of I P m m . plate characteristics are 
almost linear with a slope corresponding to Z a and hence amplifi¬ 
cation is distortion free, i.e. Z a =tan 6. 



Fig. 7. Output current and voitagc waveforms in triodc amplifier. 

From the fig. 7, <f> is the angle which the straight portion of 
the characteristic makes with the voitagc axis, i.e., 


t0\ 


N 

* 


08 


f 


06 f 


I 

/ 



\ 


\ 




044 


tan 4,=y° 
y AB 

and 'hange ^ p AB 

change in/, p 21. 

So that AB=2Is P . 

Again£,»^ +2V/+£( 
but since E A =ZJ.. 

we find £,=£a+2V,H-Z a /o 
_ =Ea+I„ (Z„+2r p ) 

for ; Solving ,his e *P ressl0n 

or l=%=*± 

Z ‘+2 V ...( 1 ) 

, T he . a -C. power to the pj g g Variation of power output as a 
load is given by function of Zjr p . 


02 


t —3 —r 
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Pn-c -— 


l<?Z a _{E q -E A f 4Z_a/2r P _ 


16 r. 


(- 1 )' 


...( 2 ) 


A sketch showing a variation of the power output as a func¬ 
tion of ZJr, is shown in figure 8. 

In this case output reaches a maximum when 

dPa-c- 


dZa 


0 . 


Equation (2) in a simplified form can be written as 

p , ( E.-Ea)*Z. 

{Z a +2r,y 

. (£ .-&.)» {(Z a +2r p )U-Z a 2 ( Z a +2r„)} _ n 
* (Z.+ 2r,) 4 


dPg.C 

CZ a 


or 

or 


(Z a +2r p )—2Z a =0 

Z p =2r p . 


-.(3) 

Therefore, in order to obtain the maximum undistorted power 
output, the load Z„ should be equal to the twice the plate resis¬ 
tance r p . Let the maximum value be denoted by {P n -e-)max, then 

. (E.-E a )* 

\* a*c»)max ...( 4 ) 


and 


fl'f 


16 r„ 

_ 4 (ZJ2r p ) 
(1+Z a l2r p y 


-(5) 


{P a'C‘)max 

The optimum grid bias for these conditions may be obtained 
in the following way : When the point of operation moves from 
point M to F , the grid voltage changes by an amount equal to E c 
and the plate current changes by / 0 . Hence 
r hE c 

,a Z.+r„- •••(« 

From the equations (1) and (6), we have 
( E q -E A ) _ nEc 
Z a + 2r p Z„-\-r p 
For load Z a ==2 r pt wc have 


or 


(£„—£i).3.r p =fx.£ f .4./> 
3 .{E„-E a ) 


E c 




...(7) 


The value of E A can be obtained directly from plate character¬ 
istics. With the help of equation (7), we can obtain the value of 
(Pa-c)max* in terms of E ( . Substituting the value of (E q — E A ) from 
equation (7) in equation (4), we have 

1 _ m 2 £c 2 


/x£.- j 


16r D 9 r, 


...( 8 ) 
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When the grid is driven to zero volt, the peak value of the 
sinusoidal input signal is equal to E c and the r.m.s. value o p 
signal. E q is equal to EJJ2. From equation ( 8 ), 


{Pa-C')max- — 

, <»)i*o** — ^ „Q 

and power sensitivity = —- 9 


-(9) 

...( 10 ) 


IprTKMC 






125. THEORETICAL PLATE CIRCUIT EFFICIENCY OF 

TRIODE POWER AMPLIFIER : 

An approximate ex- J 

pression for theoretical 
value of plate circuit effi¬ 
ciency Tj p may be found 
by considering the tube 
to have ideal character¬ 
istics, s.e., perfectly li¬ 
near, parallel and equi- 
spaced for equal incre- j 

ment of parameter. 

Figure 9 shows the r 

ideal plate characteristic * ___ 

of a triode. Operation u-^rkilc of a triodc. 

is linear class A so that Fig. 9. ^aic c * timc plate 

grid voltage E c never exceeds zero and at the 
current is never cut-off. 

The plate circuit efficiency of the amplifier is given by 

a.c. power outp ut to the load— x \ 00 %. •••(•) 

^“d.c. power input”to the plate circuit 

Let E bb and /„ be the batteryyoltageandplatec^ 

tively when no grid signal is applied. Th tot I p ^ dcnolcd by 
from the plate power supply will be E» U- , d ivcn by 

P». A part of this power is he 1Snelfc energy 

Pf c+VZ.. The other part .s used “on striking the 
of electrons in passing from cathode to p t Heat 

plate and they dissipla.e .his“Ti.aJWdKLton. If P* 
produced at the plate per second is calico cn: 

denotes the average power dissipated by P • 

where E q is the plate voltage for zero signa . (2) 

When a signal voltage is applied the• *app^ 

of the electrons reaching the plate is d • Thc com p|etc 

cation of input signal decreases the plate diss.pation. 
analysis shows that dissipation ( 3 ) 

Since the power P» from P la,e j“ ppl J f thcTubc fa^mply t0 
same for linear A operation, the function of the 
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remove an amount of power P a . e . from plate dissipation and make 
it available as the useful a.c. output power across the load resi¬ 
stance. In this way the heating of the plate is replaced by the 
amount of the a.c. power that the tube supplies to the to the load 
and hence the tube is not so hot when delivering power to a load 
as when there is no such a.c. power transfer. 

From equation (1) the efficiency may be written as 

Vp=¥j- X100%. ...(4) 

Gbb'q 

Suppose the grid does not swing beyond E c —0 corresponding 
to the point P x and may swing to the point P 2 corresponding to 
zero plate current. This gives maximum excursion of grid voltage 
and hence gives maximum power output. Then by the upper 
choice of E c 

Wo 


...(5) 


For series fed circuit, the point marked (E p ) max =E b b and from 
the figure 

( Ep)mox = E bb = 1E 0 + 2I 0 r p . 

Now from equation (5) 

”'= 50x w vt=73t % - 

,+r '£T 


Since 


E 0 =I 0 Z 


then 


at 

25 


VP l+r P /Z a y °- 

. j "^theoretical maximum plate circuit efficiency for the series 
fed amplifier is 25%. 

12 6. CLASS A PUSH-PULL AMPLIFIER : 

The fundamental aim of the amplifiers is to obtain an exact 
o-hi,.*!? lar 8 ed reproduction of the applied input signal. For this 
a-hievement. different techniques are employed. One method to 

?£n!,v a 8 i r ^ ter °, ut P u * IS the Push-pull arrangement. Two tubes of 
identical characteristics are connected in push-pull arrangement 

“S™!" fig l -°- T . he out P u ' of the push pull amplifier is 
twice as large as in a single tube. It has the additional advantage 

of eliminating even harmonic distortion from the output of the 
amplifier. Hence for the same maximum permitted harmonic dis¬ 
tortion output power much greater than twice that of a single tube 
may be obtained. B 

A circuit with two triode in push-pull for audio frequency 
power amplification is shown in fig. 10 . 

The input grid cathode voltages are required to have 180° 
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Fig. 10. Circuit arrangement of push-pull amplifier, 
phase relation, which is provided by a centre-tapped transformer, 
^mce the grid cathode voltages are out of phase, the plate current 
?! . be will re ach its maximum at the instant the other tube 
nes its minimum. This is illustrated in the figure 11, in which 



are made* ana ^ s ' s P us h-pu!l amplifier, following assumptions 

W fl 0 r ‘ d . fi, a r s ,h nd 8fid drive are so a<J j ustcd ‘hat plate current 
nows tor the entire a.c. cycle. 

yj Load is a pure resistance. 

('//) Transformers are ideal. 

Uv) Tubes have identical characteristics. 
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Second harmonic 
Fundamental wave 

Output of first tube 

Resultant wave 

Fundamental wave 

Resultant wave 
Second harmonic 

Output of second tube 

Combined output 




Cancellation of second 
harmonic 



Fig. 12. Cancellation of second harmonic. 

To examine certain features of such an amplifier, we consider 
the following cases : 

Zero signal operation of push pull amplifier : 

When no signal is applied, the various relations arc 
<*3=0, e,=e>=0, e Cl -=ec a = E <r , e Pl =e P$ *0, 
e b x = c b t » , b l “ 'b t = h* 

It is seen that zero signal plate currents in the two tubes flow 
the same value I h . Under zero signal condition, the total plate 
current through the plate supply source is 27/,. 

Under zero signal condition, plate current of value h each 
flows in opposite directions through the two halves of the primary 
of output transformer. Consequently, the magnetomotive force 
in the upper half winding of N x turns tends to send the magnetic 
flux through the core in one direction while the lower half winding 
of N x turns tends to send the magnetic flux in the reverse direc¬ 
tion. Thus the net magnetisation of the core resulting from plate 
current is zero as the number of turns and currents in two sections 
are equal. This cancellation of magnetisation is an important 
feature of the push pull connection over the single tube. 

Small signal operation of push pull amplifier : 

Now let us consider the effect of a small grid signal voltage 
that the operating point travels over the linear region of the tube 
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characteristics. Obviously 

*i=-e 2 . ...0) 

Total instantaneous grid voltages are given by 

e Cl =Ecc+ei ...( 2 ) 

and e Cs =Ecc+e 2 =Ecc—e x . ...(3) 

ip x =ipi• •••(4) 

Instantaneous total plate currents are given by 

ib x =+(/>!=* h+ipx •••(-5) 

and ib t =h.A-ip t =h—ip l where h , = //»,“/* ...(6) 

Total current through plate power source 

= *6 t -f ipi) -f (!h — //>,)=21 b- • .*(7) 


Equation (7) shows that the current through plate power 
source has no a.c component. 

Considering the output transformer to be ideal i.e. having no 
leakage inductance and zero exciting current, the sum of the mag¬ 
netomotive forces around the core due to the currents in these 
winding must be zero. Thus 

Wiib^Nn'b^N.. i 0 

or '0=^ (»*,-«*.). ■••(*) 

Substituting the values of ib x and ib. from equations (5) and (6) 
we get 

-(9) 

This shows that in the output two a.c. plate currents />, are 
additive in their effect. The output voltage e 0 is due to the flow 
of current i 0 in the load impedance R which is given by e 0 =i 0 R. 

Large signal operation of push pull amplifier : 

When the signal is of large amplitude, the operation is not 
confined to linear portion of the tube characteristics and so 
generates harmonics in plate current. Let the grid signal voltage 
be given by 

e,=£, m cos ojt. ...(10) 

The harmonics present in the plate current may be obtained 
from the following expression 

= h -f/po + COS wt+I p2 m cos 2<ot +1^,,, cos 3u)t 

Similarly, 

ib t — Ib'\rIpO~\~Ip\m £OS (w/ + tr)-f/ pJm COS (2co/-f27t) 

+ /p3m COS (3cu/-f-3»r)4-... 

=h+Ipo—Ipim COS 2a)t+Ip2m COS 2u)t—I pim cos 3<ot+ .(12) 
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Now / 0 =~ V#" cos u>t + r ^m cos 3«H-...) 

Equation (13) shows that all even harmonics are absent in the 
output of push pull amplifier. This property is superior to a single 
tube amplifier. 

The circuit through the plate supply source is 

^ 1 +fy,=2/&+2/p 0 +2 (Ipi,,, cos 7iot+I pim cos 4a)t+...) ...(14) 

Thus with signal voltage the current through the plate supply 
source contains d.c. current 2 h even harmonic terms and an 
additional d.c. component 2I f0 . 

Equivalent circuit of push-pull amplifier : If a push-pull class A 
amplifier is assumed as operating in a linear mode, the equivalent 
circuit may be drawn as shown in fig. 13 (a). 

Further the centre connection carries no a.c. component of 
plate current due to cancellation that occurs, so that a..c equivalent 
circuit of figure 13 (a) reduces to one as shown in figure 13 ( b) 
and the load when referred to the transformer has the value 
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Equivalent circuit of figure 13 ( b ) may further be put in the 
form shown in the figure 13 (c) in which generator voltages and 
internal impedances have been grounded together. From these 
equivalent circuits, we calculate a.c. plate current, a.c. output 
voltages, a.c. output power, etc. 

The plate current is 



The total power delivered to the load 

m *- r - 






It can easily be determined that maximum power output wi 
be obtained when 




which states that the plate to plate load impedance should be equal 
to twice the plate resistance of one tube. Thus 


■-era* 


12 7. CLASS B AUDIO FREQUENCY POWER AMPLIFIER : 

Under Class B operation, the grid bias supply potential is 
made negative by an amount sufficient to reduce the plate current 
to zero for zero signal potential. The grid bias is so chosen that, 
when the dynamic characteristics of the two valves are luted 
together, the nearly straight parts lie on the same line, as shown 
in figure 14 (b). 

This adjustment restricts the flow of anode current to one 
valve or the other during the greater part of each cycle of the 
signal voltage. Near the beginning of each half cycle however, 
anode current flows in both valves, and therefore in both sections 
of the output transformer primary. The anode circuits are then 
mutually coupled and the distortion due to curvature of the 
characteristics near cut-off’s reduced. If the two valves arc iden i- 
cal, even harmonics will be eliminated from the output by the 
push-pull action, but odd harmonics remain. 

Power Output and Efficiency : A theoretical analysis of class 
B amplifier performance is possible if wc assume the composite 
dynamic characteristics to be linear and the tubes biased to ac ual 
cut-off. The output current waveform will be sinusoidal input. 

By use of properties of sine waves the average value of a half 
sine wave gives the d.c. current per tube as 
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/«/.<>=— amp./lube. 


and the total d.c. plate current is twice this value, where /,„ is the 
peak current value in either tube. 

As the output current is full sine wave, the effective a.c. load 
current is 

and the total a.c. power output is 


«•<« 


watts, 


where R is the per tube load of the amplifier (one-fourth the plate 
to plate value). The d.c. power input is easily found as 

u . 2 LE„ 

P+c* 


TT 


Therefore the plate efficiency is given by the expression 

Pu-f inno/„ l" 1 ' ^2 i nn°/ 

’>'-777. x ' 00/i iZTE7* ,00/ - 

Since l h ,.R represents the peak departure of plate voltage 
from £*, so Thus efficiency will be 


V |. t(,-%’■)'< 100%. 


The minimum value of £„<„.=(). 
Maximum theoretical efficiency 

n 


>/,-^ XlOO%-78-5%. 


NUMERICAL EXAMPLES 


I. The follow ing Jala refer to a lnode power amplifier using 


transformer coupled load : 

Plate supply voltage 
Grid bias 
Grid signal 

Zero signal plate current 

Load resistance across the secondary. 


U -350V 
E<e— — 20 V 
Eg -=20 sin to t 
lu 30m A 
R=3Sl 


Turns ratio of the transformer. 


>V| 


N, 


Amplification factor of the lube p 10 

Plate resistance r p =IOUO$^. 

Assuming negligible distortion and ideal output transformer, 
calculate : 

(/) A.C. output voltage, im) A.C. power output, (Hi) Zero 
signal plate dissipation, </») Plate dissipation with signal and 
(r) Plate circuit efficiency. 
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Since e ff =20 sin <*>/, the r.m.s. value of the grid voltage 

20 


£ _ 

' V2 -42 


= 14*14K. 


Reflected load on primary side R a . c .=R L = j £=(30) a x3 

=2700/2. 


(/) 


. „ . . . -/i£ ffD 10 x14-14 x 2700 

A.C. output vohage^fe- ,000+^706 " 

=103 1 V 


(//) A.C. power output 


-G 


=e*W 


P + RlI 
/ 10x14-14 y 
l 3700 / 


2700=3 95 W 


(Hi) Zero signal plate dissipation=/ > j 0 =£w, I b 

=350x30xl0" 3 
= 10 5 W. 

(/»•) Plate dissipation with signal=/V,.= Pdo—Pa-c 

= 10-5-3-95=6 55 W. 

O') Power input from the supply voltage P bb —E bb h 

=350 x 30 x 10-’=10-5 W. 


Plate circuit efficiency >/= x 100= 

* bh 


3-95x100 
10 5 


=37-50%. 


2. A linear A , amplifier uses plate supply voltage Et*=300 
volts grid bios £ ff = — 20 volts , grid signal voltage—10 volts r.m.s. 
at an angular frequency of 400 radians per second. Load resistance 
R l =3000 ohms. At zero signal operating point , plate current 
l n =50 mA. amplification factor p = S and dynamic plate resistance 
/>=1000 ohms, calculate (/) voltage gam t (ii) a.c. output voltage 
(id) power supplied from the plate supply source (Iv) zero signal 
plate dissipation (»•; a.c. power output (vi) plate dissipation with 
signal applied (i»//') plate circuit efficiency. 


(i) Voltage gain 


-pR L —8 x 3000 


= —6 


(ii) a.c. output voltage 


r r +R L 1000 + 3000 

-pE s R, -8x10x3000 


i'p + Rl 


1010+3UOO 


= — 60 volts. 


(iii) Power supplied from the plate supply source is given by 
P bh =E,, r , 1 ,,=300 x 50 X 10~ 3 =15 watts 

(iv) Zero signal plate voltage 
E b —Ei>b / ,,Rl 

=300-50 x 10- a x 3000=50 volts. 

Hence zero signal plate dissipation P d o=E„.I q 
V Pat)— 150 x 50x 10- 3 =7-5 watts 
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(v) 


8 > iO V 


A.C. power output 

Pn.r. = \ * 1 V Rl= ( 100 04 - 3000 ) 

3000 


i— 


+ Pl ) 


x 3000 


2500 


= 14 watt. 


(vi) Plate dissipation with signal applied is given by 

Pa.c=P4o-Pa-c.=T 5-1-4=61 watts 

p 

(vii) Percentage plate circuit efficiency x 100. 

= jj x 100=9’33% 

3. A transformer coupled power amplifier uses triode whose 
amplification factor p = 15, plate resistance <>=2000 ohms. Loud- 
speaker forms a load whose resistance is 2 ohms. Plate supply voltage 
is 300 volts. It is desired to have distortionless amplification by not 
allowing the plate current to fall below a certain minimum value. 
For maximum output power , a certain load resistance and grid bias 
is needed. Calculate the turns ratio for the above load resistance on 
the primary side. If the grid bias is -ID volts then what is the 
maximum power output and maximum power sensitivity . 

For undistorted amplification in triode with prescribed zero 
signal plate voltage the load resistance on primary side is 
R p =2r p . 


Hence 


or 


M&r* 

(N p yjr^ 2x2000 


Rl~ 2 
For maximum power output 


2000 


P, 


E ct -V2E g =\0 volts. £ c = v0,ls - 


Maximum power output (P «.W- (r P +*R P ) R 


2x225x49 



9x2000 


= 1-225 watt. 


Maximum power sensitivity is given by 

(Pa c-)»,ax_ WEI _ 2 ^^i£^25 0-025 mho. 


Ej 


9 r p x£ g * yi P 


9r„ ~~9> 2000 


4. A push pull class A x power amplifier using two tnodes each 
having ii = 12 and r p =IOKQ is fed from an anode supply of 5(0 V. 
The total d.c. current from the supply is 20 m.A. A load of - ohms 
is connected across the secondary winding of out pin transforms. IJ 
the ratio of primary to secondary winding of output transjonm is 
40 calculate (a) output voltage, {b) ax. output power and (c) plate 



5^0 Hand Book of Electronics 

circuit efficiency for an input signal of 20 V r.m.s. applied to each 
valve. 

In this case R rP =(2£j- 1-)' «=(40)*x5=8,000 ohms. 

The plate current i r - — *t£L^ 

■ == (2xlO)‘+8000 =8 ’ 57x10 ’ 3 Arap- 

(а) Output voltage is given by 

H5r) 

= 8*57xI0- 3 x 8000=68*56. 

1*714 volts. 

(б) The a.c. power output P u . c . is given by 

/ > a . c .=/ 2 ./? rp =(8-57x 10 -3 )* x 8000 
=0*587 watt. 

(c) The plate circuit efficiency q p is given by 

100 , 

* bb 

where P u „ = Eoi, . 21 =400x 20x 10“ 3 =8 watts. 


,,J”£ 7 x 100=7 


o* 


5. A class A pushpull amplifier uses two triodes each having 
ti=/2 and r,,= 10KQ. Plate supply voltage E„ b =2S0V. Zero signal 
plate current of each tuhe=20 m.A. Load impedance is 5+jS ohms 
at the input signal frequency. The output transformer total primary 
to secondary turns ratio ( 2NJN2 ) is 20. Applied a.c. voltage to each 
tube is 25 volts. Calculate (/) d.c. input power from plate supply 
source, (it) a.c. plate current, (///) a.c. output voltage across the 
load impedance, (iv) a.c. output power, (v) plate circuit efficiency 
and {vi) plate dissipation with and without signal. 

(/) d.c. input powc Pm, from the pfate supply source is given 
by 

Pm,=Em, 21,, -250\2x20x 10* 3 = 10 watts 
(ii) Plate impedance Z VP is given by 

Z >P~ (^r )’ Zl=(20Y- (5+y5) = 2000+v 2000. 


, _ 2 M £, 

1 n — X - T~rX — = 


2x12x25 


a.c. plate current i„= ——— = -__ 

2r p +Z rp (2, l0')+(2000 +7 2000) 




600 x 10 -3 
V{(32) 2 +(20) s } —20 2x °" amp ' 


or 
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(iii) We know that E 0 (W l INJ=l l Z PP 

a c ' outpul vol,age £ “=(W^7) 

202 xl0- 3 x (2000-fy 200U) 

20 

S7-I3 

/. £ 0 =^ =2*85 volts. 

(iv) a.c. output power P ac =I P 2 .R Pr 

= (20*2 x 10 -3 ) 2 x 2000=0-816 watts. 

(v) Plate circuit efficiency=y^* x 100 

0-816 x 100 


10 


8 16% 


(vi) Without signal, plate dissipation £ /0 in each tube is 
given by 


2 Pro=Pbo‘ 

£^o=Y=y=5 watts. 

With signal, plate dissipation P p is given by 

= 10-0816=9184. 

9*1X4 

/%=--y— =4*592 watts. 

EXERCISES AND PROBLEMS 

1. (a) State typical difference between a voltage amplifier and a power 

amplifier. 

(b) Explain the purpose of a power amplifier. 

2. Calculate the power output of class A amplifier. What is the approximate 
overall efficiency you would expect under ideal conditions assuming that 
the signal input to the grid was the maximum allowable without distor¬ 
tion ? 

3. Obtain an expression of plate efficiency used in connection with a radio 
frequency power amplifier. On what factors docs the efficiency depend ? 

4. Prove that for maximum output power with undistorted amplification in a 
triodc, with a prescribed zero signal plate voltage, load resistance must be 
equal to 2r p . 

5. Describe the action of a transformer coupled amplifier. In case of an 
ideal transformer coupled A.F. amplifier, draw the equivalent circuit and 
derive an expression for its gain at medium frequency range. 

6. Derive the expression for the power output of class ‘A’ push pull 
amplifier. 

7. Give the circuit diagram of a class 'B' audio frequency amplifier stage 
and explain the principle of operation. What are the advantages end 
disadvantages of class C compared with class A operation of audio 
frequency amplifiers ? 
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8. Determine the efficiency of class B amplifiers. State the reasons for not 
attaining the maximum efficiency in all cases of amplifiers. 

9. A triode power amplifier is operated with plate supply voltage=250 volts, 
grid bias=—15 volts, grid signal voltage=6 volts r.m.s. load resistance= 
1500 ohms, plate current with no signal=40mA, amplification factor 
H=5, plate resistance = 5000 ohms Calculate 

(a) voltage gain, 

(b) a.c. output, 

(c) a c. power output, and 

(d) plate efficiency. 

10. Determine the maximum power output of a triode valve used as a power 
amplifier with amplification factor=5, plate resistance r„=4000 ohms, 
max. value of signal input voltage = 10 volts. 

11. A linear A x power amplifier uses triode having amplification factor p=8 
and dynamical plate resistance = 3200 ohms. Amplitude of grid signal 
voltage is 15 volts. Calculate the maximum power output obtainable. 
Hint. A.C. power output 



The power output is maximum when 


i‘ p =R l 



—0 56 watt. 


12. A class A x amplifier uses triode having p = 20and r p = 10,000 ohms. A 
signal of 10 r.m.s. is applied at the input. Calculate the available power 
output of the amplifier. Express the a.c. output power interms of the 
available power if the load impedance is 
(a) 8000 ohms and (b) 2000+/ 1000 ohms. 

Hint (a) 0 987 watt. 

Available power 


r "v~ * 'p 

^= 0 - 987 . 

* flu 


_ 

4r/ 


1 watt 


(b) Z L =2000-fy\l 000 


p (hE ,)'- 

P 

—!S = 1*7 

P * 

r o» 


-x/?r.=0-551 watt 


13. In a linear/f, amplifier triode used has amplification factor p=J0and 
dynamical plate resistance r p =10 kilo ohms. Variable load impedance is 
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a complex impedance of coostant Q and has impedance angle of 60 
degrees. Calculate the value of resistive and inductive elements of load 
impedance required for producing maximum a c. power output. If the 
applied signal is 12 volts r.m.s.. calculate the maximum power output, 
maximum power sensitivity, plate dissipation and plate circuit ellicicncy 
given that plate supply voltage E b t ,-300 volts and zero sigoal plate voltage 
is 200 volts. 

Hint. For maximum power output 

',= -v/(*l 2 +*l 2 ). 

Here X L IR,= tan 60°=v/3 

Ax=\/3 ,Rt 

or /?l=~- = 5 kilo ohm. 

Al=v/3x5xI 0’=8660 ohm. 

Zl= RlA’JXl— 5000+7 8660 ohm. 

{pE s Y x R l 


Now P, 


a e- 


( r P +RL) 2 +(XL ) 2 
Maximum power sensitivity 

= P„cl E s - = 000166 

300-200 


0 24 watt. 


Zero signal plate current 


20 mA 


Plate 


Pbb=Et, b xI q - 

circuit efficiency: 


5000 

300 x 20 x 10“ 3 =6 watt 

0-94x100 _„ 0/ 

2 4 /o 


Ppo=Pbb—In 2 /fe«6—(20 x I0“ 3 )*x 5x 10 3 —4 watt. 

Plate dissipation with signal 

= ^-^=4-0 24=3 76 watt. 

14. A loudspeaker offers 5 ohm resistive impedance to a pentode output 
power amplifier. No signal plate current is 30 mA. Input signal to the 
grid is 15 volts r.m.s. Determine the a.c. power output and plate ellicicncy. 
Turns ratio NJN § *20. Amplification factor p=400, plate resistance 
1*^=400,000 ohm, plate supply source voltage =*250 volt. 

Hint. Reflected load impedance 

R p =(N P /N t y Rl= 2000 


irfrj 


=0*445 watt 

Power input=£ft6 /* e =7'5 watt 


0-445 

7-5 


x 100=5-9%. 
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15. Id a shunt fed pentode A l power amplifier, tube hasn=200andrp=400/fr2, 
plate supply voltage £**=360 volts, load resistance R L =40KQ, choke has 
scries resistance of R = 2SQ t zero signal plate current J Q =40 mA. 
Calculate the value of input signal voltage required to produce a.c. output 
power of 3 watt. Also calculate for this value of input signal voltage the 
following quantities (i) zero signal plate dissipation, (ii) plate dissipation 
with signal, (iii) plate circuit efficiency, (iv) power sensitivity. 

“• £ .-"> o3 

(0 Ppo = E ti .l,=(E bb —I q R) I., = 140 36 watt 
(ii) P P =P p0 -P ac =\4-36-3=lV36 watt 

< w/) '"’=fe x,00 =^J J r= 20 - 83 % 

(iv) Power seositivity8’2 X 10~ 3 ohm. 
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RADIO FREQUENCY AMPLIFIERS 

(TUNED VOLTAGE AND POWER AMPLIFIERS) 


Amplifiers, designed to operate above the audio frequency 
range, are said to be radio frequency amplifiers. They arc designed 
to amplify either a single high frequency or a relatively band of 
frequencies centred about a high frequency. Similar to audio 
frequency amplifiers they can be divided into two categories : one 
r.f. voltage amplifiers and the other r.f. power amplifiers. Their 
mode of operation can be classified as class A, class B or class C. 
Class A operation is employed when the main purpose is to secure 
voltage output. This mode is generally employed in electronic 
circuits and receiving sets. The power output of this mode of 
operation is relatively low but the distortion is very much reduced. 
Class B and Class C amplifiers arc used when power output is an 
important factor. The plate efficiency is greater in both these 
operations in comparison to class A operation. They are used in 
radio transmitters with the difference that class B amplifiers are 
used after the amplitude modulation of the impressed signal, while 
class C amplifiers arc used before the modulation stage. 

The basic difference in the circuit of a low frequency and a 
high frequency amplifier is that of a plate load. The load for low 
frequency amplifier is resistive or partly inductive in some cases 
while for high frequency amplifiers it is a tuned circuit. 

Radio frequency amplifiers can be further classified according 
to the width of frequency band that is to be amplified; the one class 
being the narrow band tuned amplifiers and the other wide band 
tuned amplifiers. When an active circuit is required to amplify a 
specific band of frequencies and reject signals of higher and lower 
frequencies, it is commonly known as a tuned or narrow band 
amplifier. Here the word ‘tuned' refers to the circuit load that is 
normally a parall el LC resonant circuit. The parallel tuned circuit 
has a high impedance at resonant frequency and the impedance 
falls off sharply at frequencies on either side. The voltage gain of 
a tuned amplifier is thus maximum at resonant frequency and falls 
off sharply as the frequency is increased or decreased. In case of a 
pentode amplifier the voltage gain is almost equal to —gn,Z L 
because r p is very large. Here Z L is the tuned circuit impedance. 
Radio sets for the reception of radio frequency wave modulated by 
voice-frequency currents use narrow band amplifiers because the 


Hand Book of Electronics 
526 

frequency band of such a wave, including the side band' 

1 relatively small If the side band frequences in a modulated 
wave^Xtemfover a wide range, then amplifiers used to amplify 
them are referred as wide hand tuned amplifiers. They deal with 

television signals. 

131. VALVE PERFORMANCE AT HIGH FREQUENCIES : 

At high frequencies above 50 mc./s., the performance of tubes 
falls off due to the following reasons : 

(/) due to stray inductance and capacitance , 

(it) due to transit time effect , and 
(Hi) due to skin effect. 

Here we shall consider only the first factor. At low frequenc.^ 

the effects of stray inductance and capacitance may s neg ' ed, 
while at high frequencies they create serious probiems. The plate 

grid capacity in triodes can be eliminated byend 
frequency range of 100 kc/s to 100 mc/s At ^ ffequency end 
of this range the inductance of cathode lead becomes important 
and feed back takes place through this. To analyse the effe , 
consider the circuit as shown in fig. I. 


From figure 

E g =Ei —jmLkh 

Ik—gptEi; 

Ik — gin ’ 7“ z’ 

JiuC'k 

Substituting the value of E t and /* 
from equation (2) and (3) in equation (1), 
we have 

I: r ; . r g"[[s 

/<”C C A ‘ ^ * jwCgk 


•••(I) 

...( 2 ) 

...(3) 



at high frequencies. 


Ei 




[\+jgm<»L k ]. 


jotC'k 

The input admittance Y is 

jtoC'k 
E y 


Y=~~= 


(* +jgm**iLk) 

Multiplying equation (4) by (1 —jg m wL k ) above and below 

jwC x k . ^CgkgptLk 


...(4) 


since 


l+t »*g m *L k * 1 I +w*L k *gJ 

oj'gJLS < I 

Y =jwC s k + <*> 2 CskgmLk . 
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The input capacity of the tube is therefore shunted by the con¬ 
ductance which is proportional to the square of frequency, input 
capacity and cathode lead inductance. 

13 2. CONSIDERATION OF CIRCUIT DESIGN AND 
METHODS OF COUPLING : 

R.F. amplifiers differ from audio frequency amplifiers in the 
choice of values and circuit elements. Triodes are usually not suit¬ 
able for r.f. amplification on account of the feed back of energy 
from the output circuit to the input circuit through the interelec¬ 
trode capacitance (C iP ) This feed back action, which at higher 
frequencies becomes prominent because of effectiveness of plate 
grid capacitance at these frequencies, makes the amplifier unstable 
and self oscillations may occur if the plate circuit is sufficiently 
inductive. If the impedance in the plate circuit is pure resistance 
or a capacitive reactance, no oscillations can take place although 
in the later case anti regenerative feed back of sufficient magni¬ 
tude may occur greatly to reduce the resultant gain. For this rea¬ 
son in r. f. amplifier tetrodes and pentodes are preferred. 

R.F. Amplifiers can be further classified according to methods 
used to couple the output circuit of the amplifiers to the input 
circuit of the tube in the following stages. The usual methods of 
coupling are : 

(/') resistance-capacitance coupled circuits, 

(//) impedance coupled circuits, and 
(Hi) transformer coupled circuits. 

The last two coupling methods are commoly employed in r.f. 
amplifiers. 

13 3. RC. COUPLING : 

It is used when untuned amplifier circuits arc desired. RC 
coupling suffers from the following drawbacks : 

(a) The resistances used have self-capacities in parallel with 
themselves, the value of the shunt impedance which they provide 
being lower, the higher the frequency. 

lb) The anode cathode capacitance (C pk ) of the valve and the 
grid cathode capacitance (C f *) of the succeeding valve together 
form a low impedance in parallel with the resistance; the effective 
value of the external impedance becomes lower, the higher the fre¬ 
quency and a smaller voltage amplification factor is obtained. 

(c) The most serious drawback of this coupling in radio fre¬ 
quency stage is that the Miller effect becomes predominant. 

13 4. IMPEDANCE COUPLING : 


Impedance coupling is quite satisfactory for certain frequency 
bandwidth which is to be amplified uniformly. The input and 
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distributed capacitance tune the coil to parallel resonance, so that 
uniform amplification can be obtained only for the range of frequ¬ 
encies for which the parallel resonant impedance of the plate load 
is large compared to the plate resistance of the tube. 

The simplest form of a tuned amplifier which employs a paral¬ 
lel resonent circuit as the plate load impedance is shown in fig. 2 (a). 
It is similar to an ordinary RC coupled amplifier except for the 
tube plate load which is tuned to a single frequency, Rd and R, are 
the plate and screen voltage dropping resistors which enable d. c. 
voltages to be applied to plate and screen according to the tube 
specifications. The combinations R S C, and RdCd act as decoupling 
circuits. The combination R k C k provides the proper cathode bias 
whereas E z C c provides coupling of signals to the grid of the next 
stage. 



(a) A single tuned direct coupled amplifier circuit. 



<b) A.c. equivalent circuit. 

Fig 2 

The a.c. equivalent circuit is shown in fig. 2 ( b) where the tube 
is replaced by an equivalent current source, g m E g in parallel with 
r P . Since C k and Cj virtually act as short circuits at signal frequency, 
the cathode and point D are at ground potential. The combina¬ 
tions R k C k and RjCh are eliminated from the equivalent circuit 
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because they offer negligible reactance at the same signal frequency. 
As the reactance of C, is negligibly small, the screen grid is also 
at the cathode potential and hence R s is also excluded from the 
equivalent circuit. The coupling capacitor C g is a so neg ected as 
it is supposed to be large enough to offer negligible reactance as 
compared to R g at the same signal frequency. Thus the whole 
a.c. voltage develops across the plate load and appears across R f; 
The inter-electrode capacitance between grid and cathode is very 
small for pentode tubes and thus offers a very high reactance 
making it virtually an open circuit. Hence it is not shown in the 
equivalent circuit. 

From the equivalent circuit, the output voltage is 

E 0 = —gmEjZ, 

and voltage amplification of such a circuit at any frequency is 
given by 


1 


...( 1 ) 


where Z is the total impedance. The total load impedance is 
given by 

1 » 1 » 

z “r7+7T f + Z? -< 2 > 

where Z, is the impedance of the anti-resonant circuit. 

The impedance Z, of anti-resonant circuit consisting of/?, L 

and C is given by 

(*+M>(lir) 

Z,=- 


R +J aL +jZC 
«(-m -ic) 


r( 1 + ^+t 1 


R~ ^ juiCR 


) 


L 

CR 


j 

ojC 


*(' 


, _L 

+ 'R + jo>CR 


'+4 l ( ‘-.-4) 


-.(3) 


The resonant angular frequency of the circuit with i?=0 is 
given by 

" #= V(£C)- - (4) 

The magnification factor or figure of merit Q„ for the circuit 
at resonant angular frequency o, 0 is given by 

n -‘ a ° L 
Qo- R . 


...( 5 ) 
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Equation (3) can be written as 

_L 

z= CR ojC CR 


J 

a>C 




OJ 


1 


L_ 

CR 


CUq CUqCoLC 

i 


i 


OJ c 


H-y'£? 0 (—) 

\w 0 <x)J 


...( 6 ) 


Let 8 indicate the variation in frequency expressed as a frac¬ 
tion of the resonant frequency, then 


OJ — Wq 
OIq 


-1 

OJ n 


or 


—=1+8 and A * 

0>n OJ 1 4 


1+8 


...(7) 


get 


Z, 


Substituting the values from equation (7) in equation (6), we 


_ CR “C _ CR ~ toC _ 

'+W (1+S) -(w]" >+7w[iig-; — 


J 
ojC 


...( 8 ) 


• ^ enwL . l \ l ^^ om P^ed to R; i.e. <vL/R > 1, as is true 
he c,rcu, * s » the imaginary term in equation (8) may 

be neglected. Moreover, when 8 « 1, the equation (8) has the 

L 


Z,= 


CR 


T+TW*he„^ > la nd8<U 


..(9) 


i,e. 


At resonance 8=0 and impedance is a real quantity 


Z i=Rr 


Z ,=/?, 
L 


oJ qL 


CR 

Z,^ 


OJ 0 CR 

Bi 


.J?o - rn 

<o 0 c ~ W ° L Q° 


Now _ 

l+2/£?o3 

(i) Voltage gain at resonance : 

_ —gmRt 

I 


A _ Sm 

JTX j_ 

r p 7?, 


...( 10 ) 


!+*+* 


71 . 


- ~Sm w b LQo 
o>oLQo . C o„LQ, 


1 + 


R s 


4 



Radio Frequency Amplifiers 


= —gm 

. n Qo 

where Q e — 
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...(H) 


1 , u>qLQ 0 , uqLQ± 
+ Rg r * 


This equation suggests that for the voltage gain to be large 
not only Q 0 should be large but at the same time r..andUj, houW 
aKo he laree This latter condition can be met by selection or 
pentode instead of a triode since pentode has higher plate resis¬ 
tance. 

(ii) Voltage gain at any frequency near resonance : 

A= 


FT + h 


—gm _ 

1 +j2Q 0 & 


oj 0 LQ 0 

-gm WqLQq 


Hence 


-g, o-of-g. -*■ 

J2QJHQJ&) 1 +P& 


1 


1 +J2&Q. 
1 


( 12 ) 

•(13) 

..(M) 


♦ 


*+tfi 

Magnitude 

The phase angle of A/A,,,. 

2SS.. ...d» 

Figure (3) shows the plot 
of the relative gain. If 
(230,)*= 1 
in equation (14), then 

-1 =0-707. 

A ^ ...( 16 ) 

Then the gain is 70% of the 

gain at resonance. 

(jjj) Band width of the amplifier : 

When 4 VO 2 =1 80 = ±\. The positive value of 80. corres- 
pondTto the^upper cut off frequency/, and the negat.ve value of 
& corresponds to the lower cut off frequency/,. 

When i 

Q f=i 
JO 



\ 

» — M 

f 

7 


0* 

ig. 3. Plot of relative gam. 


or 
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where f 2 is the upper cut off frequency at which the gain is 70% 
of the gain at the resonant frequency/ 0 . 

Similarly, when 8£? tf = — | 


or 


/o-/i= 


fo-f 


fo 

fo 


} Qc=i 


2 Qe 


The bandwidth of the arapIifier=B.W .=/ 2 —f 
fi ~f i = fi ~fo +/o ~~f i 

_ fo a fo — fo 

2 Qe ^2Q, Q e 


...(18) 


...(19) 


Thus the bandwidth of a single tuned amplifier is inversely 
proportional to the Q e of the circuit i.e. % as Q e decreases bandwidth 
increases. For a narrow band amplifier, a large bandwidth is not 
desirable. A large bandwidth is an important consideration for 
wide band tuned amplifier such as used in television circuits. The 
Q t in turn depends upon the ratio L/C and if w 0 and L/C are fixed, 
then the increase in Q of the tuned circuit increases the effective 
Q e and correspondingly decreases the bandwidth or increases the 
frequency selectivity of an amplifier. 

13 5. TRANSFORMER COUPLING : 

This type of coupling is commonly used in r.f. amplifiers. The 
coils of tsansformer for the use in r.f. amplifiers are wound on a 
former of insulating material. Tight coupling between the primary 
and secondry cannot be obtained without the use of iron core. 
But the iron core cannot be used because of excessive eddy currents 
and hysteresis losses which would occur at high frequencies. We 
shall describe here two types of transformer coupled r.f. amplifiers. 

(a) Secondary Tuned Transformer Coupled Amplifier: A 



Fig. 4. Transformer coupled with tuned secondary r.f. amplifier. 
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simnle circuit of a r.f. amplifier employing transformer coupling 

ssrs x £ ft ft =rkB 

vity, selectivity, and fidelity to a considerable extent. 

The equivalent circuit of 

single tuned transformer coupled 

amplifier is shown in figure 5. 

In this circuit R\ and R* are the 
resistances of primary and secon¬ 
dary coils respectively, r P is the 
plate resistance which is greater 
than R ! ane R 2 , M is the mutua 
inductance and C 2 , the total 

shunt capacitance on the wcon- fcqmvalenl drcu.. o, s.o 8 ic 

ttnce^of'the* foHoS X' '' ^-** 

j"ng ?ipXr b y e lnd^on n dary°drcui U respectively. The equations 
for the two loops are : 

—/iE f =Ii (r f +*i+Mi>+> Mla ' 



and 


0=1, ( R,+j~L t +fc^)+* Ml '- - (2) 


From equation (2), 


I, 


(*,+;<■>£.+ j w c J 


...(3) 


jioM 


Substituting the value of I, from equation (3) in equation (1), 
we have 

'* +fciA#/i 
—/xE ff — jwM 

__ iiE> jo*M _ __ ...(4) 

The output voltage is given by 

j 2 _ pMjjCt __...(5) 

Eo= 7^ _ ^ 1+yu ,^ + ^)(V+«i+>«+“^ S 

Output volt age = Eo 

The gain of the amplifier A= i D p Ul voltage E g 
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A= 


M A//C a 




,( 6 ) 


Usually r p is greater than R x and «Ii, hence 

nMICt _ 


A= 


r p 




...(7) 


(i) Voltage gain at resonance: 

When the secondary circuit is tuned to resonance 

Now considering equation (7) at resonance, we have 

\ A )Wc*- r ' Ri+OJ( i M t 

The value of Q at resonance is given by 

a,^ 1 _1 //M 

0 R t uinCtRt Rt»J \C 8 / 

In terms of Q„ the equation (9) can be written as 

o>oMQo 


...( 8 ) 


...(9) 


...( 10 ) 


=*. 


in* 


where 


Q, 


l+WW'Ms 

gin UloMQ, 

Qo 


...(H) 




1 + 


w<?M* 


r pRi 

and is the effective value of Q 0 . 

It appears from equation (11) that the voltage gain increases 
as M increases. But this is not so, because the term w 0 2 M 2 becomes 
important with increasing M. There is a optimum value of M for 
the maximum gain which can be obtained from the condition 

d(A) resonance m/C, (iiM/C 2 ) 2<a a *M 

dM r p R t + uj-M- (»>/?,+«. 0 M*V 

Solving we have ( M ) op ,„. un ,= r p ) ...(12) 

OJ 0 


(ii) Voltage gain at near about resonant frequency 
For any frequency w close to constant frequency cu 0t let us 

os . ~ <i)(\L> 1 _ 1 I (Lt \ 

"Wlc* I 


w 0 


aj 0 CiRi 

L_ ) 
USUSqCz/ 
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=*oL 2 (2—»\as 

0 2 \o>0 o» / W 0 C 2 

-J 19 &-?) 

Since w is very nearly equal to w 0 » 5 * s sma11 and ^ ^ 030 
be expanded by Binomial theorem. 

Thus 

1 s (i +5)-i = 1 _s+6*_8»+...3(l -5) 


(1+5) 

Therefore, 


Equation (7) now may be written as 

mWCi 


...(13) 


A=- 

r 


■ * w - 

>*, (T+jTw^Qo +“‘"’ 


i + !^l+;26eo 

r P K 2 

gm*»oMQe 

"l +P&Q* 

Hencc A=nw 


g m w a MQo g m w 0 MQoH\+w D i M , lr p R,) 

~ l+jibQa/O+w^M^r.R,) 


-(14) 


(iii) Bandwidth of the amplifier : 

It can be seen that for transformer coupled amplifier equation 
( 14 ) Is the same as for single tuned direct coupled amplifier. 
Hence the bandwidth can be obtained in the similar manner. 

Now we shall determine the upper and lower cut-off frequen¬ 
cies/, and /,. At these frequencies (A/A,„«..«)=^5" 

I 


48*G.‘=1, or S=±l 


Q< 


The positive and negative values of 8 correspond to the upper 
and the lower cut-off frequencies respectively so that 


ft—U 


=1 


1 


r f f '0 

or fz fo- 2Qe 


7o 2 Q 

Similarly, considering the negative sign 
Zo h 2 Qe 
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Thus the 3 db bandwidth=5W'=/ 2 —/i=/ 2 —/ 0 +/ 0—/1 

/o , /o fo 
-IQ^IQ-Qe' 

In case of pentode tubes used as tuned amplifier r p is large 
and correspondingly ( M) optlmum should be large. To achieve large 
M t the distributed capacitance of the winding may become 
excessive, and the self resonant frequency may be so low that the 
coil may be of no use ; so the value of M is chosen below the 
optimum value. 

(b) Tuned primary and tuned secondary radio frequency 
transformer-coupled amplifier (Band pass Amplifier) : In order to 
obtain high fidelity and high ^selectivity, the ideal response curve 
should have flat top and straight edges. The ideal response curve 
can be obtained by using two tank circuits tuned to the same 
frequency and coupled together. This circuit is called a band pass 
amplifier and is used as r.f. amplifier in superhet receiver. The 
circuit diagram is shown in fig. 6. 



Fig. 6. Band Pass Amplifier. 

(i) Voltage gain : 

Voltage gain of this amplifier can be calculated as follows : 
The equivalent circuit of the amplifier is given in figure 7 (a). 



Fi$. 7. (a) Equivalent circuit of double tuned amplifier. 
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Cp is stray capacitance of the primary windings and C P is the 
capacitance of the primary tuned circuit. The total shunt primary 
capacitance C P m will be 

C P '=Cp'+C P . 

In calculations, we shall use only Cp and ignore Cp . 

The equivalent circuit of fig. 7 (a) can be simplified by applying 
Thevenin’s theorem to the portion of the circuit lying left to the 
points GF of fig. 7 (a). The open circuit voltage of the equivalent 
generator is 


E 0C = 




'P+ 


j<oC P 


But r p > —for pentode ; hence 

JU)Cp 


Eoc 



~ joiCp 


The internal impedance of the equivalent generator will be 

1 


•ju,Cp 


r ’ + jo>C p 


1 

>o 


Thus with generator voltage Eoc and internal impedance Z,, 
the equivalent circuit becomes as shown in figure 7 ( b ). 



Fig. 7. ( b) Simplified from of equivalent circuit of fig. 7 (fl). 
We know from network analysis (Chap. 3) that 

E=ZiiIi + ZijI2i 1 
0 = ZaiI| + ^22l2 1 
In the present case ; this implies 
£oc=Z/>/>I/>+ z psIs, l 
0=Z,>sI/>+ZssIs. ( 
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from which current in secondary will be 
_ E 0C .Z p s 

is ~ ZppZss-Z 2 rs 

Now, 

L PP =Rp+j (wLp- 

ZpS—jO)My 

z ss=Rs+j {uLs- 

Voltage gain of amplifier is given by 

, 1 

. E, ls -joCs 
E.- Ei 

Putting the value of Is from equation (15), 

_1_ 

—Eqc Z fs j«>Cs 

ZppZss-Z'ps ‘ 

Again substitue for E 0f and Z PSt 


...( 15 ) 




Also 


" ZppZ s s-Z*ps 

-Mr JmM-Xr 

- 7 — J ^ S - -('6) 

Ztps—Zpp Zjss 

Primary and secondary are tuned to the same frequency, i.e. 

^vircTrv^ncT)- ~ (17) 

t OaLp I 


U) 0 Lp 1 

^ tv 0 CpRp 

n _ w oks 1 

R, ojqCsRs ’ 


...(18) 


And coupling dissipation factor a is given by 

" vrabr 

where /l is the coefficient of coupling. 

Further let $ be the drift in frequency expressed as a fraction 
ot resonant frequency cu 0 i e. 
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o> 0 

or aj=a>oO+ 8 )- 

Now the expression for Z PP and Z ss can be modified as 

Z PP =Rp+j [wLe—^l 

=R P +j [ «*0+*) Lp- (i+S)C> ] 

=^+j[ 2p^/’( i + 8 ) - ('n§)] 

=Rp+jQpRr [(1+«)-(!+ s )"‘) 
=Rp(\+j2SQr). 

Similarly, Zss=F s (1 +j 

and Z PS =ju)M. j m 

Putting the values of Z PPt Z PS and Z s5 from equation (18) 
equation (16), we get 

A jwCp _- A —r- 

jgm t&)_ 

"Smhwi+I^ (er+e s )- 48, ep^i 

For frequencies close to resonant frequency, we ta e 


...0 


jgm UoCaJ. 


yiUQV/fWJ /_ ~ 

cu 0 /W* + ^/?5ll +72Mer+Cs)- 45 : 2p&l 

A/ 1 

jg ” m 0 C r C s _RpRs _. — 

+[ 1 +7.25(0/- + 0 S )- 4 S s 0/-0i] 

• ojqA/ 1 __ —* r -. v /(fl / »7?s) 

7 gm ‘ V(RpRs) <o 0 C P C s j^RpFs - 

1 +y.2$ (0 p+(?s)- 462 2/*0s 

R P Rs 

= 1 + a «+/.2S (Cf-fCs)' 48 ’^*" 

j.g„a.QpQs s/^Rs^ - 

= 1 +a>+;.2T(0H-0s)- 45 'eP^ 
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The gain at resonance will be obtained by setting 8=0. 
. . j uA QpQ s^RpRs) 

■ ■ ‘»i 


'reset'- 


1+fl 2 


The above expression is generally required in a very popular 
form obtained by putting 

a 2 =K 2 Q P Q s in equation (20) 


•reso 


jgn, KV(QpQs)-QpQs-V(.RpRs ) 
l+K'QpQs 


K 2 


QpQs 


__ jgm Kui^(LpLs) 

Kt+ ohs 

[A w ]— ^ n foy/(kpL s ) 

Kt+ ok 


...( 21 ) 


The expression shows that voltage amplification is dependent 
upon K t the coefficient of coupling. Therefore, when K is of such 
a value so as to transfer maximum energy, voltage amplification 
is maximum. This amount of coupling is called critical coupling 
and is expressed by relation 

jr- i 

e V(QpQs) ’ 

Thus maximum amplification at resonant frequency will be 


QrQs QpQs 
= J-8m nMLpLsQpQsY 1 ' 2 
—j \2f>"- 0) oV(LpL s Q P Qs)]. ...( 22 ) 

It is shown that when primary and secondary circuit Q* s 
were approximately the same, the width of the response band was 
ciermmed by the coefficient of coupling K according to the relation 
width of pass band= y/ 2 Kf provided Q P =Qs . 

a,S ° f ,° und lhat wh cn primary and secondary Q values 
peak flatnm* .^response curve has the maximum possible single 
of critiri?r!!n i lhe J ,c,n,t y of resonance. This is the position 
humns Th^ ^L" 8 For C>Kc * response curve shows double 
resonant 01 ™^°°™°°" haS been discussed in the chapter on 

The important characteristics of tuned voltage amplifiers are : 
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Fig. 8. Response curve of typical amplifier. 


. (/) amplification at resonance. • 

(/,) variation of amplification with frequency m the ,mmc 

diate vicinity of resonance, and . ,^ r . r : n ui v 

(///) discrimination against frequences d.fTermg appreciably 

from resonance. . , . . u 

(11) Maximum voltage gain of over coupled double 


taken since the gain is maximum without any 
phase. Hence from equation (20) ^ 

I A | J = [g m Q,Q s WQ'Qs)' 


In this case 


or 

or 

or 


uating —to zero, we get 

1\ (1 + a » - WQrQs)' +(28 = 0 

l{\+a'-WQ r Qs) (-40,G S x2S)+2 

-16 QrQs* {l+«*-4**J*rfl<}+» (2^)*=° 
2 Q P Qs{ 1+ a 2 - 45 2 QpQs) = (Qp + Cs) 

(.+--«,&-<»> 

earranging equation (23), we have 
1+fl 2 (g/>4-gs) 2 

5 ~4QpQs ZQr'Qs 2 
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1 +* 2 (Qp+Qs )LI 

f 


i_±i J{< 2 pQs 2 (QfQs)' 


Usually Qp is kept equal to Qs or very close to Qs so that 

V(QpQs)={Qp+QsW • 


••• ‘-wi *■-&©} 


or s v /(ep2i)=±iv(^ei>es-i)=±iv(<» l -i). -W) 

Substituting the value of 8 from equation (24), in equation 
(20), we get 

A m .x =jg m QrQsy/(R f Rs) 1+a , +2 y y( fl *_i)_( a *-|) 

=j gmQfQsV(RpRs) 2[l+7 %/(a’-l)] 

The numerical value of A maX . is given by 

*™<-hg„QrQs\/(RrRs) -( 25 ) 

(iii) Bandwidth of double tuned amplifier : 

The bandwith of a double tuned amplifier when a=\ opti¬ 
mum condition) and with Qp=Qs=Q may be calculated from 
A 1 


Amo- \-2S'Q*+2jSQ. 

The magnitude of (A/A„ w .) is given by 
A 1 

A,cso . *" V«l-28 2 G 2 ) 2 +45*0*} 

1 


...(26) 


“ V(l + 48*2‘) ' 

The bandwidth is defined as the width of a band of frequencies 
over which power amplification does not fall below l/y/2 of the 
maximum amplification. The fraction of 1/^2 corresponds to 3 db 
loss in amplification, hence it is also called 3 db power bandwidth. 
If A and f 2 be the two frequencies for which the amplification is 
1/V2 of maximum value, then 3 db bandwidth 

t-or trequeney range over which the gain does not fall below 
1/V2 of its maximum value, we have 


48^ = 1 . or 

T "U. /.-/.-i.i 




and 
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Thus the bandwith 'J 2 ^(Q P Q S ) 

ss» SM.r-53.tM 

S? ‘gain bandwidth product of tuned 

»>■«« •' *" El,t " 
by the following expressions : = g mUl0 LQ e 

Single tuned capacitance couplcdamplfier^,?. 

Single tuned transformer coupled amphfier . A , 

Double tuned amplifier; & * below : 

The bandwidth of these amplifiers are g ^ 

Single tuned capacitance coupled amplifier : 

Single tuned transformer coupled amplifier: *=£ 

#11 


Double tuned amplifier B ^ 

The bandwidth product oHh«e amplifie« can 

multiplying the voltage gam and bandwia. 

late the bandwidth product mdifferente . 

We know that ^ or 

In order to increase the bandwidth c f reduced 

should be reduced. In the lo • of the tube and the limit- 

of the interelectrode capacity, (Cm r 
ing gain bandwidth product ^ 

At** B == ~2rrJCi”+C° , “) .. r r 

M «rirance of the amplifier and Cm is 
where C„, is the output capacitan 
input capacitance ofthe nex J amplifier . 

(“) S "* 1 * -- I, in this case is given by 

_ g m u 0 iM _ 

2rt 
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Again 


Thus 


"vjzsrr- 1 » M ~ L 


c. B= 


<*>o 2 Lg, 


In the limiting case C=C/„-fC ou/ . 

• A D_ _ 

*• 2,T(C in +C oul ) 

(iii) Double tuned amplifier : 

The gain band width product of double tuned amplifier with 
parameter a= 1 and Q P =Q S =Q is given by 

Ares. B=ig m QpQsV(Qr) X V2folV(QrQs) 

= \/2 8mV(QpQsRpRs)' (woR 11 ) 

_ I gmQRw 0 

=27T * 7 ^ as * 

=2^C 
2y/2v (C ou r\-C,n) 

This expression shows that the gain bandwidth product of a 
double tuned amplifier is yJ2 times that for a single tuned circuit. 

13 7. CASCADED TUNED AMPLIFIER : 

Sometimes we are interested in high gain of the amplifier then 
several identical stages of the tuned amplifiers are used. The over¬ 
all voltage gain is the product of the voltage gains of the individual 
stages. At the same time the high voltage gain is accompanied 
by a narrower bandwidth than for a single stage. The decrease 
in bandwidth can be be determined as follows: 

^ n , s,a 8 e of a single tuned amplifier ; Let us consider 
that n identical stages of a single tuned direct coupled amplifier 
e connected in cascade. Our problem is to determine the overall 
gain and bandwidth of such an amplifier. 

lh . at lh ? re,ative gain of a single tuned amplifier 
P ct to the gain at resonant frequency f 0 is given by the 

x, t)~VU + (2S(?,)*] - (I) 

e gain of n stage cascade amplifier becomes 

(_i_y=r_i_> i 

1 Lv'!l+(28Q f )2} J [|-{-(28g f )*]«/a 


...( 2 ) 
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or 


»i/ * * v - + 

When the relative gain frequencies 6 f Hence in 

ZlTto ( d 2 e.eS 0 the S bandwidth, the denominator should be 
equal to t/2. 

••• 11+ S^otm=, 2r ^ 

Substituting the value of S in equation (3), we have 

2 (/—/.) g__J.fW.-lV* 

NOW /o -/,= 4-V(2''"-') 

where ft, is the bandwidth of Vaultion^S) sho^ band- 

the bandwidth for s,ng,c S A ag Vnfnhficr is multiplied by a factor 
width of n stages cascade amp _.» = 0'643 and forn=3, 

: When » = 2 ,thcfac«or V 2 D (o 64 . 3 o/ for 

jts value is 0-510. Thus the bandw'dth . amplifier. n 

2 stages of cascade amplifier and ^/. jt is necessary to 

^^SK£5^o£uous.y as the stages are 

mCr Cast (ii) n stages of doubUi tunedh^SJTwupHngV-l and 
stages in a double tuned amplifier w'tn ^ ^ The rclative 

‘ UnCd amPlifl " Wi " ( 5 ) 

T « * 11 " oMd ,h *' 

(1+ 45*0')" ,l = V2 

/ 2'/--1 \ 

or ae=±^ \ 4 ) 


or 


* 


fu 2 S frequency 

ft- 
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and /,-/.=^ (2*/—1>. 

Thus the bandwith of n identical stages double tuned ampli¬ 
fier is 

a.n=/ t -/,=^ </(2'/"-])=B 2 ^(2‘"’-1), ...(7) 

where B ln is the bandwidth of n stages cascade double tuned ampli¬ 
fier and B 2 is the bandwidth for each single stage. Equation (7) 
shows that the bandwidth is reduced by the factor W 1 !"— 1). 
The bandwidth reduction factor is tabulated in the following 
table : 


TABLE 


Number of stages 
n 
1 
2 

3 

4 

5 


Bandwidth reduction factor 
W2 1 /*-1) 

1 

0-802 

0*713 

0-659 

0-622 


Thus for a two stages double tuned amplifier, 3 db bandwidth 
reduces to 80*2% of the value of one stage. This reduction is 
smaller than the corresponding reduction in single tuned 
amplifier. 


13 8 STAGGERED TUNED AMPLIFIERS : 

In order to have high gain wideband amplification one may 
use a single tuned or a double tuned amplifier with a coil having 
a small value of Q The desired gain can be obtained by the use 
ca * caded stages. For a specified gain bandwidth product, 
<;inoi^V UnC ^ cascade s!a 8 es are preferred in comparison to the 
dnnht n ne V ne ‘ Bul ,l ,s very difficu,t to make alignment of the 
hanHwM»w Cd ^ lrC \ M!s 'J The alternatc melh od to obtain a large 
rirr,,Uc d K h and °! her desirab,c characteristics of the double tuned 

The m Mhr a ? ln ^c tuned circuit is the staggered tuned circuits. 
i ne method is as follows : 

fiers havinf 8 * red tuned circuits, two single tuned cascade ampli- 
cies of thp^rb e f rtair ! 4 b ^ nd ^ idth are taken. The resonant frequen¬ 
ce are c,rcu, t of each stage are so adjusted that 

Stage Since the^/ an ar ? 0Unt ec l ua l to the bandwidth of each 
g • he resonant frequencies are displaced or staggered, 
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they are known as staggered tuned circuits. Figure 9 shows the 
combined gain characteristics of the two stages. 



Fig. 9 The adjustment of fluency of a staggered tuned pair 

times as great as thattoreach of will be id- 

making up the P a, -Th f O r n - y doub | c , un cd system, 
critical in form with that ofa ?'! 1 S ^ resp0 nsc cha- 

Now we shall obtain >he expression for < h = h ° vc ; c|ativc P gain 0 f a 

ractcristic of the staggered • . P . j en bv tbe expression 

single tuned direct coupled amplifier is given o. 

- (1) 

WHe The bandwidth between the 70% relative gain points is 

B=28/„=^-r -(2) 

tog selectivity functions of the circuits are 

' (3> 


i +; (*->)’ 
i 


/ A \_J_ ms 

By multiplying thVrelative gains of the two amplifiers, the 
overall gain function becomes 

« / a ' / A \ 


(irL-(cr).(Kr). 


x*+2jx- 


...( 5 ) 
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The magnitude of the resulting function is 

t )i Get )» = v(4+**)v(H-4So‘e •)• ...(6) 

where 8 „ is the value of 8 referred to the new frequency oj 0 and Q 
is the value of Q e for each circuit referred to w 0 . The comparison 
of equation (6) with double tuned circuit shows that the forms of 
variation are identical. 

13 9. TUNED POWER AMPLIFIERS : 


We have seen that low frequency or high frequency voltage 
amplification is always done under class A because the amplified 
output is free from distortion. When power output is the main con¬ 
sideration, a tuned power amplifier is used. The tuned power 
amplifier converts the d.c. power from the plate supply source into 
r.f. power. Thus the amplifier circuit should be designed in such 
a manner that the conversion of d.c. power into r.f. power may 
take place with maximum efficiency. The most efficient condition 
is the class C operation in which the grid is biased beyond cut-off. 
When a sinusoidal signal applied between grid and cathode, the 
plate current flows only for that part of the signal voltage cycle 
which makes the grid voltage less than the cut-off value. Now the 
plate current consists of a series of pulses. The output voltage has 
no resemblance with input signal voltage and if the anode load is 
a resistor, the output wave is gross distorted. However, if the 
anode load is a parallel tuned circuit, tuned to the signal frequency 
the output voltage is still sinusoidal even though the plate current is 
nonsinusoidal. This can be explained as follows : 

The current pulse from supply voltage source Ebb flowing into 
the tuned circuit arc periodic and non sinusoidal. It can be shown 
by Fourier series that they consists of fundamental and a large 
number of harmonics. The tuned circuit offers large impedance to 
the fundamental component of the current and hence a large out¬ 
put voltage is developed across its terminals. At the same time, the 
tuned circuu offers a very low impedance at harmonic frequencies 
and thus there will be negligible output at these frequencies. Thus 
k* ^ ^‘r 8le frec l uenc y or a narrow band of frequencies can 
rLJ r " ,£ om a ,owcr level to a high power level by a tuned 
class C amplifier with small amount of distortion. 


whirh h w Uned po ^ er am Plifier can also be operated under class B 
h a rm^n;A S0 T e ad y anla ges over class C. Firstly, there are smaller 

Sinusoid, fnr 1 beCai i Se t ! le P,atC CUrrent PUlSeS are eXaCtI y ha,f - 

voltaee k nrn a *! nus ? ,da l ,n put voltage. Secondly the output 
class B k a ,? porlIonaI l ? the magnitude of the input signal because 
araDlifier k " opcrat '? n - Due to this fact a class B tuned 

modulated signals° Unde^ ? ,8na l s °^ var yi n g amplitude such as 
Shanes nf nio?r a S * Under c,ass B operation the envelope wave 
class C oneiaftnn r [h nt andlnput voltage are identical while under 
p ation, the envelope waveform of the resulting plate 
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current does not correspond to that of input signal and hence 
very much distorted. 

1310 BASIC CIRCUIT OF TUNED POWER AMPLIFIER : 

The circuit K°E£ 

fig. (10). The circuit arrang The essentia | differences 

£ - sie “' ,ol “ Et "• 

and the amount of power involved. 



Fie. 10. Basic c.cau of a tuned power amplifier 

s' *•«»! tho valve has to handle a large 
Under class C operation, th pcn(ocics The plate can be 

power hence triodcs are prefe cooling system (in high 

kept below safe temperature by a ^t« cooling g } jd of a 

power transmitters) whereas Th p fore Ibe size and rating of a 
pentode can not be so limited Therefore, tne^ ^ f[ce 

pentode is limited b V beating amplifiers tetrodes and pen- 

from this limitation (F° r P ' draw P bac k of a large grid to 
todes may be used-) Tr odcs ha unwanted fced bac k occurs 

bifnWs’Mn'be^liminate^ by neutralising circuits. 

,n the cathode circuit a fixed J“ g^jr &« « J that 
of RkCk combination for self bias g. vo , can bc developed 

no d.c. plate current fllows atid s , cak bjas which develops 
if R k C k combination is used, ini* ^ bc used bu , |t IS a |so 
only when the input signal P rf)nt jjtion the grid bias would 

unsuitable because und ®^ u ‘ bc In aclua l practice a combi- 
be large enough to da ™ a £ c 1 A bjas js uscd for satisfactory ope- 
nation of p > xedbla ^“" d J , cd bias and cathode bias is also not 
uSbe^uTofCes that may occur in biasing resistor R k due to 

heaV Th P etput""na. e, is apP|ie d n «o «j- g» 

S2 SW5 

effect of coupling wouW be to i"^^ plale circuit is 10 or 
of the tuned circuit. I . c j rcu j t t0 the second or higher 

more, the impedance of e ^ cffect of harmonic genera- 

tionTthe Se plate current is suppressed by the tuned plate load. 
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The amplifier can be operated under class B or class C by 
adjusting the bias E cc to plate current cut-off or beyond plate cur¬ 
rent cut off respectively. Class B amplifier is used to amplify a 
narrow band of frequencies of differing amplitudes while class C 
amplifier is confined to narrow band of frequencies of constant 
amplitudes. 

13-11. ANALYTICAL ANALYSIS OF CLASS B TUNED 
AMPLIFIER : 

Under class B operation, the grid bias voltage is adjusted to 
cut off value so that no plate current flows with zero signal voltage 
while plate current flows for positive half of the a.c. signal applied. 
These amplifiers are used in radio transmitter for power amplifica¬ 
tion of modulated carrier. The analysis of the amplifier involves 
the determination of factor like d.c. power fed from the supply 
source, the a.c. power output, efficiency; grid driving potential, the 
shape of the plate current wave and the corresponding harmonic 
components of the plate current etc. with permissible limits of plate 
dissipation, grid dissipation and other limiting factors. The ana¬ 
lysis is based on the following simplifying assumptions : 

(/) triodc characteristics are linear (this is most important, 
without this circuit linear method of analysis is invalid). 

(//) tuned plate circuit is tuned to the input signal frequency. 

(i/7) grid input signal is sinusoidal. 

(iv) the bias is such that the plate current is zero for zero 
signal voltage. 

(v) Q of the tuned circuit is high enough so that the impe¬ 
dance of the tank circuit is negligible at harmonic frequ¬ 
encies. 

For the analysis, following specific procedure is followed : 

(i) Representation of tube characteristic in analytical form : 

We know that plate current is a function of plate potential 
and grid potential />., 

‘b=f(e c e b ). 

The above expression does not give a direct relationship as 
function /is unknown. The actual relationship can be derived by 
Taylor’s series expansion and is given by 

ib=k , where k and n arc constants. 

As the plate characteristics arc straight line and equally spaced, 
n= 1 and hence 

i„=k (e c +^)- 

ih=-- instantaneous total plate current, 
e c = instantaneous total grid voltage 
e b = instantaneous total plate voltage 
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The partial differential of 4 with respect to * is 

de c 

dih =p m 

However, ^ = ^;^consi. 

„-*,(*+*) provided 4>0 
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...d) 


This is the first term 
Equation (!) represen s the -ode cha 

equivalent diode voltage ^«+-j- 

( ec+ f*\ a straight line with slope g„ «• obtained. 

' i Iiw .„ the cut-off condition (4=0), if Em 

(ii) Cut-off bias: Under the c voUagc respectively 

and Ecc are plate supply voUag (1) , we have 
then eb=Ebb and ?.=£«• 


0 =g' 




E» 


...( 2 ) 


ip the cut-off bias £«=* ... 

* • . ejnee 0 of the tuned circuit is large, 

(I/O Equivalent circmt . Since 2 I signa | is assumed 

ssar— 

e t =£ w -£,»cosu,t 

Substituting these values in equation (O^e go 

,^M^cos.H-f-fcos w r) 

=g„(£.-cosa,»-^cos«.t)as («-+f)-« 

/ r _ COS ipt 

= gm V tm P I ...(4) 

the current is valid when * is lying in 
The equation (4) for va i ues 4=0. Hence, 

the first and fourth q ad ant. For < ^ < ^ 

4=4™ cos .( W2 < wf < 3 n/ 2 -(5) 

4=° £ V 

where /&«=*"• ^ ) 
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The average value of plate current is 

1 f 2ff f+»/* „ . 

(/*).„.= T- h d(wl)= I bm COS wt dicot) 

± 1 T Jo J-irll 

Ibm 

7T 


...( 6 ) 


The fundamental component of plate current is 

Ipim=— f ib COS cot d(wt) 

7T Jo 

= - [ 1 Ibm COS 2 cot d(u>t) = -^ ...(7) 

7T j 0 I 

At resonance Z(<o 0 )=R 0 is resistive and the output voltage at 
fundamental frequency is 


W*o=ir Rc 


or 


or 


c . Ep\in R n 

*-'plm~r 2 6 ,,, ” — "2” o'" 

E r im=R 
, /* 


V- 

0 /? 0 -t-2r. 


The r.m.s. value of the fundamental component current is 

..•(9) 


/ - ** 

7,1 *o+2/> 


The equivalent a.c. circuit for the 
fundamental component of the linear 
class B tuned amplifier as suggested by 
equation (9) is shown in fig. ( 11 ). This 
circuit is only applicable for the calcu¬ 
lation of fundamental component of the 
P lale current °f angular frequency 
£«• The voltage gain of the amplifier 

.i — Ep i i Rn 

~( ,0 > 



Fig. 11. Equivalenr circuit 
of Class B tuned amplifier 
for fundamental angular 
freq. w 0 . 


tuned circuit'ir ° UlPUl a " d efficicncy : The P ower delivered to the 




...(ii) 
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and power supplied by the plate voltage supply source £», is, 

(V hm—Hp\m) 

2 / pEgm 


■ Ebb- 


Uo + 2r 


7 ) 


...( 12 ) 


. _ . P.c 

Plate circuit efficiency Vp=-p~ 


E P J pl 
: Ebbh 


EJ 


r l P\ 


M^r) 

£,./,.•” E p .I P x* __ 

~E bb .2l,„n E bb ( 2y/2 /,i) 

785^% ...(13) 

' 2^2 Ebb 4 tbb 

Where £„ is the maximum amplitude of fundamental 

component of the plate voltage. circuit) 

The plate dissipation (assuming no a.c. losses in 


is 


„ 2 / /*£*« \ 

Pd=Pob—F°c—Ebb'-y R ^2r p I 2 (/?o+ 2 r P )“ 

Alternately, it can be expressed as 


...(14) 


...(15) 


V • 

From equation (11) it is clear th« | a.c. powc r 
proportional to the square oj input voh > (ft) the 

should be as targe «s po«ibl . J holds g00 d because 

relationship derived »bovi for p „, no and consequ ently 

the grid is P° s,t ; v =^" d a , es Now the power output P a , no longer 

the plate current decreases N ^ ^P^ ^ (hc power amphfi- 

increases as the square of £«. . q current incre ascs in 

cation decreases an exceed (e b ) m oi- 

magnitude. T US nd pla ,e dissipation can be 

calcufa h t e ed 0 from the optimum condition (*)„„=(ft)-- 

We have. 

(e c )™«*-=^+ £ ' r '" 

(<*)-i«.=£m-^“ 

E«+E,p.=E»- e p" 

E.m+E^Ehh-Ecc 

F 4.^? 

=£w+ M 


or 


(V £„=-£w/p) 
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or 


'gm 


( 


1 + 


=£w ( 1+ i) 

E,„=E bb 

=&, (i+i)- 


/plm *0 

y- E t 


Re 


2r p -f £ 0 




=£w ( 1 + i) [^pJCo+^j'] ”' (16) 

The equation (16) shows that a large value of grid drive 
(required for high power output) can be used if is made arge 
As the maximum allowable d.c. plate voltage for specified tube,'s 
fixed by the manufacturer, hence Ebb can not be changed at win. 

Now from equations (9) and (16), we have 
, Ebb Qj+1) 1 

Ipl ~ V2 2i>+(fH-l)*o 
and from equations (5) and (6) 

/*, 2 I plm 2y2 /pi 

(/t) ‘- = T = -T= A 


...(17) 


2\/2 


or 


7T 2r p +/? 0 

// \ __ 2 
VbU— n 2r p +R 0 

Substituting the value of E 
we have 

2 1 
(/*)«•=— £«. (m+ 1)- 2r,+(,i+l)/l, 

Now efficiency corresponding to optimum condition i.e 

{e c )max- — (eb) min • is 

w £ 


...(IB) 

t ,„ from eq. (6) in equation (18), 

...(19) 






4 £ 66 


TT 


lp\mRo 
E b b 
(f* 


1) 


“4 2i>+GM-l)A 

The plate dissipation Pj= P bb ~Pac 

~ Eob {Ib)av lpl~ Bo 

_2 (/x-M ) £ fc 6 2 


...( 20 ) 


__ ( u-t-1) 2 Ebb 2 Bp 

7'2M^T+T)T 0 -2 [2r p +(^+l)«o] s 

...( 21 ) 
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The equation gives allowable plate dissipation in terms of tube 
parameters and impedance of the load (/?<,) at resonant freq y- 
The value of R 0 for optimum condition can be obtained from 
the following expression . 

*+[5&-+T?(»-r)] 

1312. TUNED CLASS C AMPLIFIER 

A d. C amplifier i. o.e i. 

efficiency are the primary consi^ dera ‘ ,ons - w f th the result that 

biased to a pomt considerably beyond <cut <on than ha , f a cycIe . 

plate current flows in pulses and11 voltage because 

There is practically no output small g u !* c of the output voltage 
the plate current is zero ; thus the amp HoweV er the output is 

is not proportional to the ^because of the tuned load. Class 
sinusoidal for the sinusoidal '"!>“•> jf • al 0 f constant ampli- 
C amplifiers are useful only to amplify a signal o 

tude. Plate efficiency is about 85/.- l2 . 

The basic circuits for class Camplifier are shown in g 
It,n fvnp!^ : (i) senes fed, and (//) snum icu. 
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component of plate circuit flows through radio frequency choke 
(RFC) while a.c. component through tank circuit and h ock¬ 
ing capacitor C c . There are two advantages of shunt fed. Firstly 
in this case less insulation is required because one side of tank 
circuit is earthed instead of the whole coil being above ground 
potential. Secondly, the d.c. supply is not short-circuited even if 
there is an arc between the coil and earth. 

Waveforms of grid voltage, plate voltage and plate current of 
both types are similar and are shown in figure (13). As the tunea 
circuit offers a pure resistance at resonant frequency, the a.c. plate 
voltage is 180° out of phase with grid voltage. 



Fig. 13, Waveforms of grid voltage, plate voltage and plate current 
in class C tuned amplifier. 

The following important points may be noted for the 
operation of class C tuned power amplifier : 

1. The plate current flows for a period less than half the 

a.c. cycle when plate voltage is near about its minimum. 

2. As the plate current flows for less than 180°, it is more 
distorted than in class B tuned amplifier and consequently 
it is more rich in harmonics. 

3. As the plate current flows in the pulses, the power flow 
to the tuned circuit of the plate is not continuous. 

4. The grid and plate voltages arc sinusoidal as they appear 
across the tuned circuit. They are 180° out of phase. The 
load has no reactive component when tuned to resonance. 

5. The maximum positive value of grid voltage is approxi¬ 
mately equal to the minimum value of plate voltage (i.e., 
Mmox.=(ei,) min . as in class B tuned amplifier. If this 
is not so the plate dissipation and grid losses would in 
crease which result in a decrease of plate efficiency. 
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6 When the grid voltage is positive with respect to cathode, 
' the grid current flows. This amount to large power flow 
in oriH cathode circuit. The power is derived from the 

nputtor*driver)"s^ gnaI source. Therefore, driver ecu,< 
Should be designed to furnish the power requ.red to 
drive class C amplifier. • r»f 

1313. ANALYSIS OF CLASS C POWER AMPLIFIER : 

The aim of this **j io £i* “ ^ olmamplifier * The 

and the ratio of fundamental to j, f s assumed 

angular widths °f. the . pl ^^ of cosine wave as shown in figure 

rv i p n 'r.hr,^; s r?c^ r n , c o y n .f ts-or ™ 

continuous curve indicates the pla'e r—r- - 

current pulse and dotted part shows 
the extension of cosine curve. Her 
0 P is the conduction angle. WUhC' 
as the origin, the equation of the 
curve can be represented as - 
cos wt. Now the instantaneous value 
of the plate current is 
i h =i (ujt)—l cos e p /2 
=/ cos uit-l cos 6„l 2 
or i b =I (cos w /-cos e p /2). •••(*) 

‘ _ . _|„i n 


Fig. 


I 

\ i(U) 

i ky*\ 

i _Li_iL 


rr -+u>t 


14. Showing the plate 
current which is a 
part of cosine curve. 

Using^Fourier"Series'the plate Current can beexpressed as 

.. cos 1 +/^. cos 2 *»+•■• 

••• d (<U ° 

__J_ f r ® ,/2 / (cos W/-cos 0 P I2) d (tot) 

2ttJ 

/ / \ 0p/2 
= JL/ sin w/ cos 0 r l2.<ot ]_, p/2 

^L- (sin Op/2—2.cos 0 r l 2). 


...( 2 ) 


F^m f-gure (.4), ^ =/ _ /cosflr/2 

From equations (2) and (3), ^ (1 _ £os ^_ 

77^7 = fsin V2-0,/2.eos »,/ 2 ) 


...(3) 

...(4) 
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The fundamental component of the plate current is given by 
1 f2w 

Iplm=—\ it, COS cot. d (wt) 

77 Jo 

_ J_ f dpl2 / (cos oj/— cos 0,/2) cos U)l.d ( U)t ) 

w J—# p /2 

_-lfV 2 / cos i w j__ cos e /2.cos w/)r/ (wr) 

Tr}—9pf2 

=—f p/2 [J (1+COS 2co/)-| {COS (w/+^ p /2) 

77 J—*p/2 

+cos (o>r—0 P /2)}] (w/) 

■■■ n - y -)-^{sin (a>f+9,/2) 

+sin(w-0,/2)}^ /2 ] 


4 k 


tot -f 


4[%--»**] 

pim sin V 2 - cos ®p/2 ]• 

Now -sin fl,/2 cos 0„/2j 


...(5) 

..•( 6 ) 


. /pi _1_ (^p/2—sin 0pl2.cos e p /2) 

*' (/*)«„. ~V2 ’ (sin 0„/2-0„/2.cos 9 p /2) ' 

The second step is to compute the average and fundamental 
components of grid current : As grid current—grid voltage charac¬ 
teristic is not linear, the grid current pulse is somewhat different 
from that of plate current pulse. To a first approximation the grid 
current pulse may be assumed to be a sine squared function as 
shown in figure (15) by a dotted rectangular pulse. It can be seen 



Fig. 15. Grid input voltage and grid current pulses of class C amplifier. 
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The grid current pu.se can be represented from Founer ser.es 
analysis as . j cos a >t+l tV n cos 2wi+... 

The average and'fundamental components can be calculated as 

follows: . 1 rej2 . .. . ( 7 ) 


and 


—IP* i e cos wt.d (ut) 
n tr Jo 

= ^ 2.[* fl / 2 ^ cQS 

w Jo 

7T Jo 


( 8 ) 


cyde U In fhe ffiSE&Stf SUa^dffceThfvKf cos - 

can be taken as unity. 

Therefore Vd- 

iJjOZ. = v '2(/ f W 

or 7,1 V 2 

Now = 14 (when 0,=O). 

(/c) “” , nr i /f/h can be calculated but this is 
Similarly, the value of' 

somewhat complicated. . In order t0 show 

The third step is ^?”?“erm ne^tffe grid bias, the graphs of 

««■ '« » ,hli 


...(9) 
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figure that 6J2 is that value of tot at which the instantaneous grid 
voltage is zero and the grid current drop to partically zero. 
Similarly, d p /2 is that value of cot at which the plate current drops 
to zero. 

The plate current is zero at u>t=d p /2. hence the corresponding 
grid voltage, which is, of course, the cut off grid bias is 

or simply (*<)»=—^ # * •••(10) 

The instantaneous values of grid and plate voltages are expressed 
as 

e f =£ cc +£ rm cos at 

or (e c ) t =E cc +E xm cos 0 P i2 (7 wt=O=0 p l2) ...(H) 

and e b =E bb — £ /m cos.wf 

or (e b ),=E bb -E pm cos 0 p /2. ..-(12) 

Also E pin =E bb —(e b „,in> and E Km =(e c ) ma g.—Ece • •••(13) 

Substituting equation (13) in equations (11) and (12), we get 

(*<•)• = £f<-*j"[(e f ) mo jt. E c cos d p /2 —(I 4 ) 

and (e b )$ = E bb —[E bb —(e b )min] cos 0 P I 2. ...(15) 

Using equation (10), we have 

^fc+[(Omo.T.-£f f ] COS 9 P I2. 

= “ [£*6 {E bb —(<’6)/»«'«} cos dp/2] 

or E «~T=kijl 

+{ ( - £ ^+ { ecW}cos 9,./2] ...(16) 

Thus the grid bias can be calculated from equation (16). 

The last step is to compute the grid driving power and dis¬ 
sipation. Instantaneous grid power supplid by the driving source 
(or signal) is e K ./ c . Hence the average grid power supplied by the 
driving source is 


1 ( 2rT 

^ = 2^J o e f*< d («/)• 

Now we assume that the grid potential is at its maximum 
value when the grid current flows and does not vary appreciably 
during this interval. 


Hence i c d („,) ^E„ m . (/,)„.(17) 

The grid dissipation />., the loss in the cathode grid circuit is 
given by 
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Pc =±r 


or 


fri'H-sT ‘ £ “ +e '> 

= £cc (/<)««• + . 8 v 

= Pcc + Ps 

The first term is the amount of power absorbed by the d.c. 

grid battery source from the signal because 

PtC “sj7 £« 4 (u>t) = Ecc (I')<H- 
Actually £« is negative, hence the grid dissipation is ^ 

^SS-2.000 K, £rc=250 K, <«..= 500mA (4).=75mA 
/ /(/ c ) a =1*25, P/afe dissipation—25$ watts. 

_P°c_ r oc - 
We know that 7 p-/> 66 />,+/>« 

„ Q-7Sx250_ _ 7<;n wa „ 

^=rr- p —T^F tT 

Total power input to the circuit watt. 

Now £66 (Wflr = ,00 ° 

/n = i?29=0*50 amp. 

UbW - 2 000 

Hence the specifications for ‘heResign ofamplJr afC 
£ W = 2000 K, (/.W-0-5^ and A/2-75 (say) 

77^7 "(Tin 9,/2-0,/2.cos A/2) 

(/.W=3-8x 0-5=1-9 amp. 

. E _^1=0-707 =0-707 x 1800 voIt.= 1272 6 volt. 

.. c ' p ~~ ^2 

(iv) From equation (6) V(4W= 1 ' 20 

• RMS plate current=/,= l 20 x (/»)««• 

.. K.M.a.pia = 1 •20x0*5=0*60 amp. 

rv/— 1272*6 x0‘60=763*56 watt. 

(v) A.C. power output=£,X/,- u 


or 
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(vi) Total power input of the plate circuit=ls w x (/*)*„. 

=2000 x 0-5 
= 1000 watt. 

(vii) Plate circuit efficiency=^=^^-=76'4% 


(eb)mln- 


'cc 


+ &) 


(viii) The grid bias E ce is 

= “F74 t 80X ° 74+208 X °' 26 ] 


Imar.^COS flp/2 | 


=^74 * 113-28=-153 volt. 

(ix) R.M.S. value of the grid voltage 
£,=0-707 E p „= 0-707 [(*,)„„-£„] 

=0-767 [200+153]=249-571 volt. 

(x) /</(/<)„„.=1-25 .-. / c =l-25x(£W 

= 1-25x0-075=0-09375 

(xi) Grid driving power=£,./ c =249-571 x 0-02375 

=23*4 watts. 

13 14. SELF OSCILLATIONS IN AMPLIFIERS : 

Due to the inter-electrode capacities between different electrodes 
the feed back of energy takes place which produces self-oscillation 
in imp ifiers, especially at high frequencies. The most important 
inter-electrode capacity from this point of view is that existing 
between grid and plate denoted by C gp . Consider the simple case 
ot mode having tuned circuits, one in between grid and filament 
and other m plate circuit as shown in 
ng. 17. The two tuned circuits are 
connected together by virtue of C KD . 

mt r h nS / ere !? Ce . 0f energy takes P ,ace 
from the tuned plate circuit back to the 

»k P v C k CU,t ' Greater the value of C gD 
he higher is the coefficient of coup" 

ng between the circuits and greater is 
the amount of energy, feed back. Due 

Hs - 17 T "'-“ 
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Neutralising circuits : ...... 

Figure 18 (a) and 18 (6) show the form of the bridge circuit. 



Fig. 18. (a) Neutralising circuit. 

(6) Its equivalent circuit. 

The cathode terminal instead of connecting at the lower end of 
the input coil, is connected to the .ntermed.ate pomt wh.ch d v des 

points of a bridge as shown in fig. 13 (6). When me or g 
balanced, 

Lb Cgp 

This balance is independent of frequency. freauen cv 

This neutralising circuit is commonly used .n radio frequency 
power amplifiers in transmitting sets. 

13 15. NOISE IN AMPLIFIERS : 

lo^cfrcuit'sou^ce^externa^to ^th^tu^s.^°H^rew 1 e > shall'discuss ^he 

n oi S eThOduC| e d,!j^ . t0 Eve^r*lwtric cond'uctor^produces irregularly 

varying v^tage'across^'ts'te^^ais due to the jandom ^mofion^of 

the free electrons P re t?‘: "1? noise resistance noise or Johnson 
This effect is kD °"°^ cr distributed over all frequencies and is 
noise. The noise energy ‘ st wjth ra0 | eC ules, each impact 

producing*^very'short pulse. The thermal noise voltage developed 

in a resistor R is ^^ kRT/if) , 

where /c=Boltzmann’s constant, 

^temperature, K t 
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R= resistance, ohm, and 

j/=bandwidth accepted by the circuit. Because all the circuit 
components have resistance, Johnson noise is present in all circuit 
components. 

(ii) Shot noise : This is due to the random emission of elec¬ 
trons from a cathode. The noise is reduced when the tube operates 
under space charge limited conditions because the space charge 

reservoir of electrons tends to smooth out the individual emission 

pulses. This noise is uniformly distributed over the useful frequency 
range. For triodes working under space charge limited conditions, 
the equivalent noise resistance due to the shot noise is given by 



where g m is the transconductance of the tube. 

(iii) Gas noise : The positive ions produced due to the ioni¬ 
zation of the remaining gas in tube, causes the random current 
disturbances as they penetrate the space charge. This noise is not 
appreciable above 1 megacycles. 

(iv) Partition noise The noise is produced due to the irre¬ 
gular divison of current between the two or more electrodes. It is 
arbitrary whether the electron goes to screen or to plate. Pentodes 
are more noisy in comparison to triodes because in a pentode one 
has partition noise in addition to shot effect noise. The equivalent 
grid resistance R (t , representing the noise of a negative grid pento¬ 
de amplifier is given approximately by 

h ( 2-5 20/* 

ea ~h+Ic,\ g m + g m 

where /6=d.c- plate current, 

/c,=d.c. screen current, 
g m =transconductance. 

(v) Microphone noise : The noise is produced due to the 
mechanical vibration of parts of circuit. Considering the case of a 
tube, when it is struck, the electrodes vibrate and produce current 
variation or noise. 

(vi) Electric and Magnetic pickup : Stray electrostatic and 
magnetic fields are produced, externally due to adjacent power 
leads which induce voltage in grid circuit. This induced voltage is 
amplified and produces noise. 

., ( vii ) £ i,am( ; nt hum : When directly heated filament operates 
wnn a.c. then through the interelectrode capacitance between 
catpoae and grid hum voltage is introduced which produces noise. 
Using indirectly heated filament this noise can be minimised. 

(viii) Plate supply hum : This hum is produced due to a.c. 
present m the d.c. plate supply. 
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NUMERICAL EXAMPLES 
„ mned ,olm, 


1. A tuned voltage ampujier 

(а) resonant frequency , 

(б) impedance of the tuned circuit , 

(c) output voltage at resonance , 

(</) 2 0 / tlie tuncd circuit at resonance ' 

(а) Resonant frequency ^ 

/.=i^ZcT=2^Ti4^vT20CT-^300^T0^j 

=649-7 kc/s. 

(б) Impedance of the tuned circuit at resonance 


Z=— 

^ AC 


300xl0- ,5 Xl0 
(c) Output voltage at resonance 


200 x 10~*_ (. a x 10' ohms. 


25 x 0 1 x 6- 67x10* _ j. 92 volts. 

i i \ t 


^=^-=TSn0H6WT0‘ 

wl 2nX649-7 X IQ’X 20qxJ<V^ = 81 6. 

W) Qo=-j-= - 10 

2 . 77* f 

volt and r,= lP olwis. ‘‘' si ' s ‘ lanC e R = I2 ohms in slum! with “ 
dudance L=200pH and Calculate (i) resonant fre¬ 

twing condenser «#•***"*,, ", resonance, (Hi) impedance of 
quency, (») Q °f ,he effective Q of the resonant circuit 

,he tuned circuit al reson °''f* , ( j resonance. ^If the frequency of the 
'"^‘ifrd^iena^'is"increased to W KHi above the resonance, calculate 

(/) Resonant frequency /o= ~ 2 ni/{LC) 


== 2w[200 x 10' 6 X 500 X 10- 13 ]*' 2 
= 503 KHz. 

eo=rJ(c) = T2jl300xl0-‘ 2 j 


,500x1° 

( , 7) impedance 'of timed circuit at resonance is given by 

z 0 = Wo l 2 o=cr' = ^° * 

=(52'5) J x 12=34 xlO 3 ohms. 
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(Jv) Z 0 and r„ are in parallel 


. !„L +J. = 

•*z, “Zo 


r p+Z 0 


Zt,r p 

Zj p 34 x 10 s X 10“ 
Z ' _ />+Z 0 _ 10 8 +34xlO s ' 
effective Q of the plate circuit Q, is given by 


or 


(v) 


=52-28. 

Voltage gain at resonance A,,s.= — gmZt 
1-5 


1000 


x 32-8 x! 0 s = -49*20. 


At a frequency 10 KHz above resonance 

/-/ 0 10 x 10 3 


8 = 


0019. 


/o ” 503 x 10 3 
Relative voltage gain is given by 
A _ 1 1 

1 + P*Qt 1+/2 x 0019 X 52-48 


'res 


1+7(1-99) 


-4920 


or 


Magnitude A = 


1+j (1 99) 
49-20 


22-4. 


V[l+(l-99)«] 

Phase angle of A=<£=180°-tan’ 1 (1 -99)=180°—63°= 118°. 
3. In the capacitor coupled tuned voltage amplifier , the value 
of circuit elements are as below ; 

ft=60, r p =20KSl, L=400pH t C=380ppF , R=10Q. R^SOOKQ. 
Additional shunt capacitance C,=20ppf. Reactance of C c is negli¬ 
gibly small. Calculate ( i ) frequency of resonance of plate circuit , 
(if) Q 0 of the LCR circuit at resonance (C=C'+C,). (Hi) effective 
value of Q e of plate circuit including r p and R gt (iv) voltage gain at 
resonance , (v) half power bandwidth , (vi) gam bandwidth product , 
(v«) voltage gain at frequency of 20 KHz below resonance. 

(0 C=C , +C,=380+20=400/i/z/. 

Frequency of resonance/ 0 =. 


2ny/(LC) 


1 


2^(400 x 10-«x400x 10 ‘ 12 ) 
= 389x 10 3 //z. 


'400 x 10 “ 8 


100 . 


<*> oo.-w 

O'") < u o=2"/o=2hx389x 10 3 = 2-5x lO 8 radian per sec. 
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Q<= 


weo(;,+J 


100 


1 +2'5 x 10* x 400 x 10* x 100 (30l^W 
=22-05. 

60 


+ 


500 XlO 3 




(/V) A r ,s=-gmU 0 LQc- 30 X 1U 3 

x 2-5 X 10* X 400 Xl0-*X 22-05 
= -44*10. 

(v) Half power bandwidth 22*05“ = 17 6 KHZ ' 

M <w» , "*^&w>x4mo 

=775-8x10* 

i vi i) At 20 KHz. below resonance 

JOxKP = o-o 502 . 

8 ~389xlO J 

A -44-10 

Voltage gain A =r+/^g;“l+j.2xOU5Ui:x^oj 

— 4410 


Magnitude A' 


_4 4*10 

Magmiuuc •-/[. +(2 205)*] . 

4 - _ A sin *J e '“ 7 q The secondary oT'^ransformer has 

'acodofm^actance f^^^^^pirt^^Mitatice'of the'sub¬ 

total capacitance (including w ring * P in d, ic tance between the 
sequent stage) of iOOppF.Ifthemuw (f) ^ r „ 0 „ am 

primary and the % c ° n f > d f cuil (<//) voltage gam at reson- 

ab0 " e 

frequency. 

(/) The resonant frequency/ 0 
1 1 


-44*10 
1 +7 X 2*20*5 

= 17*1. 


_cu 0 . 

2 w 


S v(^ c *) 

1 __ =580 Kill. 

= 2X3*14V(250 x 10-* x 300 x 10'**) 

„ a>oLj_3jSSxJO t x250Xjjt! (hcrc 
0*0 2 =-^; - 10 

=91-25 


Wo =3*65xl0 6 ) 
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91-25 

73-65 X IQ*) 1 (25)* X 10~ ia 


10xl0 3 Xl0 


-marr 84 ' 5 

A,',.=gmU 0 MQ' 

= _£2_x3-65x10*x25x10-‘x84-5=30-85 

IOxIO 3 

,.x «. w-"o=0-0172 
O v ) 8-— ~ U 580 X 10 3 

A... 30-85 _ 3 0-85 

/, =T+7l8eTl+;2x00172x84-5 H7HI 

30-85 


Hi-sw- 10 

angle *=tan-» (-28<?,)=tan-> (—2 91)=—71 


-4=10 £-71' 


1 . 

2 . 

3. 


5. 

6 . 


8 . 


EXERCISES AND PROBLEMS 

What do you mean by radio frequency voltage amplifier ? Why are 
pentodes preferred for R.F. amplification ? P 

Derive an expression for the amplification produced by a tuned R. v, 

Exphfn the terms ‘anode conversion efficiency’ or plate efficiency used 

in connection with a radio frequency power amplifier. On what fact 

does this efficiency depend ? 

Prove that in case of a secondary tuned transformer coupled ampline , 
the voltage gain is given by 

gm wo M Q e 


A= 


1 -Vj.2h.Qe 


where the symbols have their usual meanings. 

Describe a double tuned transformer coupled amplifier. Obtain an ex¬ 
pression for the voltage gain for this amplifier. 

What do you mean by bandwidth of an amplifier ? Obtain expressions 
for the bandwidth in the following cases: 

(i) Single tuned capacitaocc coupled amplifier. 

(ti) Single tuned transformer coupled amplifier. 

(iii) Double tuned amplifier. 

Also obtain their bandwidth products. # . 

What are cascaded tuned amplifiers ? Explai n the decrease in band¬ 
width of cascaded tuned amplifiers. 

How the bandwidth is increased in staggered tuned circuits ? Obtain 
expression for the overall response characteristic of the staggered tuned 
pair. 


Radio Frequency Amplifiers 


569 


9. Wbal is a class C operation ? Give a simple analysis of class C ampli- 
fier performance. 

10. Write short notes on the following : 

(i) Neutralisation. 

(ii) Class C amplifiers as harmonic generator. 

(iii) Tank circuit efficiency. 

(iv) Valve performance a. h lg h frequencies^ condenser 

“• rr ' V ? izsz. «£!«£»■®— 

voltage a, resonance <v) 0 of -uned circui, 

« 

12. A tuned amplifier uses P , g-SmAlV, plate resistance 

0PC n 5 A 8 /CoO^T^a nodetod consists of a tuned circuit having an induc^ 
r p =0'5 MQ The ^ q va | ue of 50 in parallel with a capacitance and 

,anC ! CO 'i^«! The output of the amplifier is coupled to the ne« stage 
tuned to 4 MHz. The o P fl trough a coupling capacitor of 

having an input resist gain 0 f the stage at resonance. 

t ;: 11 

_L = J. + _L+J_ where r,=0-5i?and R,=0'5MQ 


13. In 


.1 = 7 -183x10** mho 
Zi 

£o --P Z,— —695. 

Voltage gain — £ — gm ‘ 

. . cincle tuned voltage amplifier. P~15, 

adjusted to 200 pf- calculate . ^ ^ |uned circuit at resonance. 

( i, resonant frequency I of luncd circuit including r p 

C tie OP*-- value of mutual 

[uductanceM. (vi) half power bandwidth.. 

,_ 1 -— =79-57X 10‘ c/s 

Hint. (0 J»- 2 „y/[(L,C,)\ 




pM—'L* = mWC- = 16 67. 

(H«) a °=-r7^o „«m* r.'p+uo m 

_ _fe_-=HM. 

(IV) Q<=l +w *M'-lR.r, 
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^ r “ R,) lsS-56 /iH 


14. In^ doublo^ed volfi amplifier, L^L.^H Rp-^J 00 ' 

C J= 30_soOpnF variable. Coupling dissipation factor a «=K*e,C.- 0 *l- 

C,is adjusted to450w»F. Calculate: . 

(i) frequency of resonance, (ii) Q of primary and secocdarytunedccu,^ 

(iii) voltage gain at resonance, (iv) tuned c.rcutt voltage gam at a freque- 
ncy 2KHz, above resonant frequency. 

« 

Q P =Q,=661 

... —ja gm Q f Q,j[(RpRM _ _ _j fi7 '4 

l H U A rt%— 1 +fl* j 

Magnitude ^ rM .«67 4. 

(iv) At frequency 2KHz above resonant frequency 

8= 5 j 1 =3-78x10' s 

■ -jg m OQpQ>Vi. R P+Q‘) _ 

A ~l +a t —4& t Q p Qi+j-2.S (Q p +Q,)] 

-j.\20 

1-55+y.l-Ol 

Magnitude/l=6S. 


SPECIAL AMPLIFIERS 

(Wideband and D.C. Amplifiers) 



The wideband amplifier is the 

constant gain '"'we have studied RC coupled 

sec. to few mega 5^'** c P v reS ponse curve. The frequency response 
amplifi er and its frcq „L n ije er may be improved by reducing 
curve of a RC fcdue to interelectrode capa- 

the shunt 1 ca P ac ' ty r . ( ^ J ;incc P ( a parallel combination of r p , Rl and 
cities) andshuntre^stancelP de cjtics of a pen tode are far 

R,). We know that tnterelct P c lhe f rcque ncy response a 

smaller than a mode, hence to decrcasing r l , shunt resistance 
pentode is preferred- becono y > {he overa „ gam will be 

may be greased but at the^ „ aving high value of the 

decreased The RC_c pi v wideband amplifier. In most 

ratio may be usea a or tower 

of the cases, to comDensating circuits are used. First of 

nuTse modulation systems etc. 

.... UNCOMPENSATED WIDEBAND AMPLIFIER : 

Figure 1 shows the circuit 1“'^ 

band amplifier»wnga RCcwplfig amp iif icr tube and C, the 
circuit C„ is the output* :a P ac ‘‘ y Fi urc 2 shows the a.c. equivalent 

>»“ »»“ c ' is ,bt ihM 



Fig. 1. 


Uncompensated wideband amplifier. 
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ranacitance a combination of C 0 and C/. The value of r* is 
very high in case of a pentode and hence this is in shunt with Ri . 



! 


Fig. 2. A.c. equivalent circuit. 

We shall study the performance of the amplifier at three 
frequency ranges : 

(i) Middle frequency range : 

In the middle frequency range the impedance of high value 
coupling capacitor C is very low and may be neglected. Further^ 
the reactance of total shunt 
capacitance C, is so large 
that it may also be omitted. 

The equivalent circuit of 
wideband amplifier in middle 
frequency range is given in 
fig. 3. 


The total resistance R, 
is a parallel combination of 
R g and R L and is given by 

-c) 



Fig. 3. A.c. equivalent circuit of wide¬ 
band ampliber in middle 
frequency range. 


Rl+R* 

The gain of the amplifier is given by 
A„,= —gmRl‘ 

I I =z m R,' 


...( 2 ) 


Equation (2) shows 
that the gain is constant. 

(ii) High frequency 
range : 

In the high frequency 
range, the reactance of 
coupling capacitor C is 
again negligibly small 
and hence it can be 
omitted. Fig. 4 gives the 
a.c. equivalent circuit. 



Fig. 4. A.c. equivalent circuit at high 
frequency range. 
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The total load impedance Z, in this case is a parallel combi- 
nation of C* and Rf 


j_ 1 \ = 1 

zrRi^UjvCi R ' 


-h/wC,. 


The output voltage E 0 , across /?, is given by 

Eo=gmE/Z, 

=^ Ei (i+>c.&)’ 

The voltage gain at high frequency range is g.ven by 

A,=g=-g«Z° 


...(3) 


...(4) 


-gmR, _ ~ gmR ' K - 

= \+jojcJ7 ~ i +;2"/ - c >*< 
where/is the frequency of applied signal. 

1 A ^ = ^{iH2rr/C,R,) , V 
Thp eouation (4) shows that for given values of R, and C, the 
Th * Tthe amplifier is a function of frequency. 
reSP The upper cross over frequency in this range is defined as 


/.= 


1 


Aa= — 


gn,Ri 
1 Yifth 


l 2 nC,R' 

i A I gntRl 

or 

The relative gain is given by 

Ah _!_ 

~A m -^/V+{flhV) 


...(5) 


...( 6 ) 


t 


iz 

ro 

8 

6 


CHA**Cr£MSr/C^ _ 


I J- 

a*L 
^ 001 


GA//V 
a/AMCT£> 



x 

01 


—i— 
0-1 


ro 


10 


FiR 5 (a). Gain versus irequcuc, 

B ' and ideal wideband amplifier. 


HELAWE ffiEQVMCy —> 
frequency characteristic of uncompensated 
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a plot of relative gain versus relative frequency///i in case of wide 
band amplifier for high frequency range is shown. It is dov from 
the figure thit the gain remains constant upto a relative frequency 
f/f % =01 ana becomes 0*707 i.e. (lV^) at/// 2 =l. 

For an uncompensated wideband amplifier, the components 
should be so chosen that the reference frequency /i is as large as 
possible. In order to maximise/ 2 , C, and R t should be made as 
small as possible because / 2 = I l( 2 n C,R,). 

There are limits to which the value of R, or C, or both may 
be reduced. If R, is made equal or less than 1 lg m , then the gam or 
the amplifier is less than unity and it fails to function as a voltage 
amplifier. The total shunt capacitance C, is a combination ot 
several capacitances as given below 

C,=C t +Cpic+C g k+C gp (1+^), 

where C, is the total stray capacitance to ground of wiring, tube 
sockets etc. and A is the voltage gain of the following stage. In 
pentodes C gp is extremely small so that the term C gp (1+*) may 
be neglected, C pk and C gk have their usual meanings. 

The phase shift in wideband amplifier is given by 
<£=180°—tan* 1 (2 nfC.R,) 

= 180 °—tan” 1 (///a)* -W 


In equation (7), 180° 
is a constant phase shift 
and tan" 1 (/// 2 ) is the 
additional phase shift. 
Fig. 5 (b) shows the vari¬ 
ation of additional phase 
shift as a function of rela¬ 
tive frequency /// 2 . 

For values f/f 2 upto 
about unity, the additional 
phase shift is almost pro¬ 
portional to frequency,/ 
itself because for small 
values of angle, tangent of 
an angle equals the angle 
itself. 



Fig. 5 (b). Additional phase shift versus 
relative frequency. 


(iii) Low frequency range : 

In low frequency range, the reactance of the shunt capacitance 
C, being very low and may be neglected. In this case coupling 
capacity C cannot be neglected. In low frequency range, the 
equivalent circuit is shown in figure 6. 

The input voltage E, results in the output voltage E' 0 across 
the load resistance R L . A fraction K of E 0 appears across the 
grid leak resistance R g to constitute the final voltage E 0 . 
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1 ^ jmCRg 


...( 8 ) 


The magnitude of K is ± | > | ^ 

given by i't ^ 

"TRsyr 1_li—LJ 

• ••(9) Fig. 6. A.c. equivalent circuit of wide- 
Let /i denote the refe- band amplifier in low fre- 

frpnnpncv such that quency range. 


Let fi denote the refe¬ 
rence frequency such that 


Now K 


Jl ~2irCR g 

TW' ni K= VU+c/i//>T 


The voltage E 0 ' developed across R L is given by 
Eo' = — gmE//?L» E 0 =E 0 'K 

E 0 =-g/nE/^x.K. 

The voltage gain in this frequency range is given by 
A ,-&—*,** 


...( 10 ) 

...(H) 


..( 12 ) 


1 -gmRL 

= -g„RL -J l-Kflf) 

1 2 nfCR, 

1 ■ 

The phase angle of voltage gain is given by 

^= 180 °+tan _1 (/.//)= 180 °+tan-‘ ( 

= 180°+cot- l (///i). 


I 

A ‘\ =g " RL y/(\+WfY) 


...(13) 


..■(14) 


A clot of relative voltage gain Ailg m R L of wideband amplifier 
noainst relative frequency ///, in low frequency range is shown in 
fifure 7 In order to have a uniform voltage gam upto very low 
freauencies, the frequency/, should be made as small as possible 
we^know that the value of the referece frequency is given by the 
following expression : 
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fl “ 2 itR 8 C 

Hence by employing 
the large value of R g or 
C or both f x may be de¬ 
creased. In practice the 
maximum values of R g or 
C are limited. In most of 
the cases, the values of R g 
and C are 1 MQ and 0*0 5pF 
respectively. Substituting 
these values, the reference 

frequency fx comes out to 
be 3*2 c/s. 



Fig. 7. Relative gain versus relative fre¬ 
quency in low frequency range. 

The additional phase shif in this frequency range is given by 


^=tan-> (/.//)=tan-‘ ( lv } CR -) 


=cof> (///I). 

In fig. 8, additional phase angle <f> a is plotted against the 
relative frequency (///,). 



fi£LAT/VE FREQUENCY f/f. 

Fig. 8. The additional phase angle versus relative frequency //A* 
Figure 8 shows that the phase angle characteristic of the 

amplifier is opposite to the ideal curve. Thus the phase response 
of uncompensated wideband amplifier is poor and needs low fre¬ 
quency compensation. 

14 2. HIGH FREQUENCY COMPENSATION IN WIDEBAND 
AMPLIFIERS : 

In the above article we have considered the gain equations m 


577 


Special Amplifiers 


an uncompensated wideband amplifier. These equations are like 
those used in RC coupled amplifier. Now our object is to consi¬ 
der the high frequency compensation. The following three methods 
are used : (/) Shunt peak high frequency compensation, (//) 
Series peaked high frequency compensation and (Hi) Shunt series 
high frequency compensation. The high frequency compensation 
consists in introducing an additional inductance of 100 to 500 nH 
either in series with the load resistor or in series with the coupling 
capacitor or both the positions. The inductor resonates with 
total shunt capacitance C, at a frequency somewhat ajove the 
upper limit of the video range resulting in a rising gain character¬ 
istic. Here we shall discuss the series peaked high frequency com¬ 
pensation. 


Series peaked high frequency compensation : 

At high frequencies, the impedance offered by the shunt capa- 
chance is comparable to the load and hence it is of great impor¬ 
tance. The shunt capacitance consists of two parts : (/) input capa¬ 
citance of the following stage and (rr) output capacitance C „ of the 
given stage. Figure 9 shows the circuit of wide band amplifier 



Fig. 9. Wideband amplifier wich scries peaked high 
frequency compcnsalion. 

usine series compensation inductor L. The inductor isolated the 
two shunting capacitances and hence reduces the shunting capaci¬ 
tances across the amplifier tube. Thus for the given upper fre¬ 
quency. the gain is increased. Fig. 10 shows the equivalent circu . 
The coupling capacitor C has been omitted from the a.c. equi¬ 
valent circuit since its reactance in high frequency range is extre¬ 
mely small. 

The impedance Z, of Rl and C 0 parallel is given by 

Trk + -uikcrk +i2vfCa 


Z,= 


1 +j2nfCoRl 


...(I) 
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Fig. 10. A.c. equivalent circuit of series peaked wideband amplifier. 


The voltage Ei across Z, will be 

r F7 _ _ - ...(2) 

E '- gmE,Zl \+j2«f Co R L 

This expression is the same as in uncompensated amplifier 
except the effective shunt capacitance is only C 0 instead ot 
C/=*(Co-i-C/). 

Considering the circuit only upto R Lt the upper crossover 
frequency is given by 


/* = _ : _ 

Jo 2nR L C 0 

Equation (3) shows that f 0 is higher than in case of uncom¬ 
pensated amplifier. 

This voltage is now passed through the reactive voltage divi¬ 
der consisting of L and C h Here we have neglected R s because it 
is larger in comparison with the reactance of C/ in shunt. In® 
value of the large inductance is so selected that it resonates witn 
C, at frequency /„. Due to the series resonance, the voltage across 
Ci tends to rise with frequency. This rising tendency compensates 
for the drop in voltage with frequency across R L . Thus the fre¬ 
quency to constant gain increases beyond/ 0 . In this way the 
isolation of shunt capacitances C 0 and C/ results in the upper fre¬ 
quency limits. 

Ex. Design a video amplifier using a 6AK5 pentode such that 
both the uniform gain and the phase shift proportional to frequency 
are important upto 4 megacycles. The tube constants are : gm=^l°° 
micro mhos. C oul = 2’8 pf. and the wiring capacity and the input 
capacity of the next stage are 9 7 pf , r p =0‘8 mega ohms. 

(a) Draw the circuit diagram for the above amplifier in which 
both high and low frequency compensation are made. 

(b) Determine the values of the inductance L, the load resis¬ 
tance Rl and the mid frequency gain. 

(c) The lower cut off frequencies before and after compensation 
are 20 cycles and 15 cycles respectively. Choose the grid leak 
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resistance R s equal to 0 4 meg-ohm and find out the values of C 0 C,, 
and Rb- 

(a) The circuit diagram of a compensated amplifier at both 
frequencies is shown in figure 11. 



Fig. II. Broad band amplifier with both I. f. and 
h.f. compensation. 

(b) The uniform gam and phase shift proportional to frequ¬ 
ency are important factors for determining the value of O , a 
compromise value of fi=0 44 is taken. At this value the gam 
remains practically equal to the mid frequency gam when ///* is 
equal to 6 66 and /=4 megacycles. 

/. flA= 4 -^-= 0 - 66 . 

The upper cut off frequency ft of the uncompensated amplifier 
^ =i ^ = 6x,0 ‘ CycleS - 

We know that /.= ’ w *' crc ,= C.,,„ +C„i„,+C,„ 

for the next stage=2'8~9 - 7= I2‘5 pf. 

6x 1 °‘=2irxl2-5x IO- ,l x7 i L 
or /? t =2100 ohms. 

2 irftL 2x3'14x6x 10"/. 

Again Q= 044=-^—= 2 I00 


or L= 


0^4x2100 — = 2 i- 3 x 10~ fl =21-3 micro-henry 


? v v I4x o x lO 1 * 


The mid frequency gain is given by 

A„,a=-? M ^=-5100xlO-‘x2IOO=-10-5. 

(c) The lower cut off frequency of the uncompensated amplifier 
/, is given by 
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f ' = 2^R, ° r 20_ 2x3-14xC e x0-4xI0» 

r _!--—-=0 02 micro farad 

2x3'14x20x0'4x 10* 

We know that 

C R Ch - 
CcK * b R L +Rb 

o i nn /? 

0 02x 10~ 6 x0'4x 10 6 =Cf, 2l00H~fe r 


...0) 


and 


./i= 


_ 1 

2 irCt,Rb 


,e - CbRh— 2 „f 3 = 2n x 3*14 x 1'5. 

Solving (1) and (2), wc get 

R ;,=23 kilo-ohms and C h = 14 micro-farad. 

14-3. DIRECT COUPLED AMPLIFIERS : LOFTIN-WHITE 
FORM : 

Amplifiers in which no coupling reactive element, (e.g. if 
coupling capacitor in RC coupling be removed), is employed and 
output of first stage, is connected to the input of the next stage as 
shown in figure 12, are called direct coupled amplifiers. Elimina¬ 
tion of coupling condensers extends the limit of amplification to 
sufficiently low frequencies and therefore, by such amplifiers, di¬ 
rect voltage and voltages of extremely low frequencies can be amp¬ 
lified. Further due to the absence of reactive coupling elements 
response of amplifier is almost free from the frequency distortion 
and phase shift upto those frequencies at which the internal tube 
and stray shunt capacities become effective. 



Fig. 12. Two stage dircct-coupled amplifier. 

Magnitude of bias battery E cc through which the plate of tube 
7i is connected to he grid of tube 7^ can be estimated quite easily. 
Suppose Ebb =250 volts, average plate current through Ri. is 1 ‘6mA 
and R l is 10 5 ohms, then drop across Rl will be 160 volts that 



Special Amplifiers 


581 


means potential of point A is +90 volts with respect to the 
ground. Now if the operating point with respect to the ground is 
to be at -10 volts (i.e. the grid potential of tube T 2 for amplifying 
action) E ec must be -100 volts which is a large battery as com¬ 
pared to those commonly applied for biasing purposes. Since the 
circuit requires three such batteries of high voltage, Loftin-White 
suggested the use of single dc source as shown in figure 13 where 
different voltages are tapped on the bleeder resistor. 

In fig. 13, tube 7*, 
is biased to — !0 volts, 
voltage of Ti is 150 — 

10=+ 140 volts. Drop 
across Rl is 70 volts 
so that point A is at 
+ 70 volts. But cathode 
of T 2 is kept at +80 
volts, giving a bias of 
-10 volts to tube 7+ 

Net voltage across tube 
T is 250-80 = 170 Fig. 13. Loftin-white form d.c. amplifiers 

volts. If the voltage across R L is 70 volts then point B is at -I-100 
volts. Output is then 

— +100—( + 250) 

= — 1:0 volts. 



Such amplifiers suffer from the following drawbacks : 

Output voltage changes due to the change in heater, grid 
bias or plate voltage and thus reflects the inherent instability of 
dc amplifiers, being called as drift in d.c. amplifiers. If supply 

voltage changes, bias to the tubes will change and hence a change 
in the operating point or in other words shift in operating point 
will be the same as caused by the application of d.c. signal at the 
input and therefore one cannot tell whether a change in output is 
due to a change in bias or a change in signal. 

(//) Sindc in circuit of fig. 12 E (et grid bias battery is un- 
grounded, a high shunt capacity between the grid bias battery and 
ground also appears. 

(Hi) Neither terminals of Rj. is at ground potential which 
develops the problem of reference or zero voltage when no signal 
is input to the amplifier and the latter is being used to operate a 
meter for the measurmenl of d.c. voltages : 

in Loftin White circuit, common coupling and feed back 
,hmiinh the tapped supply resistor affects the pcrlormancc of the 
imolifier To overcome these draw-backs of Loftin-White circuit, 
,hc following two simple forms of d c. amplifiers are used : 

(1) Resistance Coupled d.c. Amplifier : The circuit is shown 
in fig 14. Power supplies negative to the ground (£ lt ) and other 
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positive to the ground (E bh ) are required. Though points of Ebb 
for'both tubes are tapped at one point on the supply bleeder resis¬ 
tor but for the sake of analysis we have shown them separately. 
Similar is the case of E cc in practice. Potential of B depends upon 
the potential at point A which in turn is a function of bias voltage. 
Thus by changing which alters the grid bias, B is brought to 
ground or midway between the two power supply voltages for zero 
input signal and output signal, and the output is zero. 





Fig. 14. Resistance coupled d.c. amplifier. 

Suppose e Pl and ec x are the potential levels above the ground 
as reference for the plate of first stage and the grid of second stage 
respectively, then we write the voltage relations as 

(ii+‘p) RL=Ebb—e Pl 
*7*,—e<T|=/7?i 

and cci — E C c = i\Ri • 

Putting for i x in equation (I) from equation (2), 

( ' P -- R fl-R L = Lo6-e Pl - i,R L 

Rj_ _ c Pl -f-cc, 

El Ehb—epi — ipRL 

Similarly from equation (1) and (3), 

_ £fir A _ 

El Ehb — e Pl — i, R L • 

From equations (4) and (5), values of R x and R s can be ob¬ 
tained. A suitable value of R t and R 2 will provide the correct bias 
to the tube T,. Similarly an appropriate choice of R 3 and Ri , will 
enable to mark zero output across Rl in the absence of any input 
signal. 

(2) Cathode Coupled d.c. Amplifier : Circuit with its equi¬ 
valent is shown in fig. 15. Two triodes are required and the 
common plate supplies are employed. The circuit amplifies the 
signal with considerable gain, an expression for which can be 
deduced as follows : 


...( 1 ) 

...( 2 ) 

...(3) 


...(4) 


..(5) 
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For equivalent circuit, we write 

(4,+/6 2 ) Rk ...(1) 

* fa =—(foi+ 4 *) ^A' -..( 2 ) 

P e si = ih t (/>-p/?jr)+ 4 j ••• 0 ) 

P e i2 = 4 2 (r r -f/?*•) +/?l ( 4 j-F 4 j) ...( 4 ) 

Putting eg , from equation (I) in equation ( 3 ), 

n ei-n (4 4 -t4 2 ) Rx-ibt (/>-f-flA')-P4 2 /*a- 
/i (/x /?A'+^*-r'>)+4 2 (p ^att/?a) 

=/ 6l [(/x + 1) **-Fr,] + 4 2 ** (/i+1). ...(5) 

Putting e „ 2 from equation ( 2 ) in equation ( 4 ), 

—p (/frg-r 4 2 ) RK-ib 2 (r p -\ R L -\-RK)+ib x Rk 




(b) £Q{//VAL£HT CfffCW 

Fig. 15. Cathode coupled d.c. amplifier. 

rp+Rf r(p+D Rk /*\ 

or ‘bi -( p+\)Rk *" U 

Putting ib 2 from equation ( 6 ) in equation ( 5 ), wc get 

. /r p -i-/?L*r(/*-i*U ^A'\ i\ p . , i 

1 —(ilTPI I [( ' 1 1) K ' A 

+&a (p +0 ^a 

or /x(/x+ 1 ) Rk ei=-iu 2 l{/> Hp + 1 ) K/r} {#>+J?l+G *+0 ^a) 

—(pH) 2 ^a 2 J. •••(') 
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Co -if>2 


Ci 


ei 


/*(/!+ 1 ) Rk Rl 


A = 


__ 


('+5+51-57) W+^+5+O W-5+1) J«r 

pRl 


[5w]e+ 2 " +s ‘ 


Neglecting the first term, as it is small for usual circuit and 
tube parameters, in the denominator we find gain 

vRl 


A = 


2/>-f Rl 


14 4. DRIFT IN D.C. AMPLIFIERS : 

Drift can be minimised by regulating the voltages applied to 
the amplifier. Regulated power supplies are employed to provide 
the regulated voltage to the plate and bias electrodes. Heater 
voltage is not regulated and thus drifts the output voltage with its 
own variation. The following two circuits to reduce the drift are 
in most common use : 

(1) Balanced push pull amplifier : In this circuit two identical 
tubes T\ and T 2 are balanced against each other. With such tubes, 
having matched characteristics, charges in the plate supply voltage 
have no effect on the output of the amplifier. In fig. 16, M is a 
meter to read the output of the amplifier. 

The grid voltage can be written as 


(/ivi's) Rk, 

...(1) 

e *a=-(»H /») Rk. 

For plate circuit equations, we write 

-(2) 

** Rk, 

...(3) 

,1 e tl =i. (R L r r,+ RK)+i, Rk, 

From equations (1) and (3). 

-.(4) 

^/=/, l«t '-r r +( M +l) /^-l-r-0,+ 1) R K i t . 
From equations (2) and (4). 

-.(5) 

-0*-H) RKh*=it /? A -J. 

From equations (5) and (6), 

^L+r P )U+(h+n Rk] 

. -fr(tH-l) ei R k 

A«i+r>)ll-H/i+I) A a J 

...(6) 


and 
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ib) EQu/MtJWT ctfcurr 

Fig. 16. Balanced pushpull amplifier. 


The potential at A and B arc 
e>~Ebb'—ii 
Ci—Ebb—ii 

and therefore reading of meter M is 

nc, Ri. f/t>.+f.+2(f»+l)*«rl r 
== ""2i*t+' , j.)0+('*+') Rk] 

on using current ^ resonablc valuc of (R L -\-r r ) 

can bemadHarger than ( M + D X*. "**> as 50 10 B ' ve lhe me,Cr 
readiDB 


en = 


RL+r P 


I * P . 

-L-assawsa*- “ 

^S^^SS^iSSSSSf^ 
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in the figure 17. Due to the change in heater voltage, random 
changes in cathode emission occur which inturn changes the out¬ 
put voltage. 



Fig. 17. Cathode drift compensated d.c. amplifier. 


Suppose the heater voltage changes by an amount AE % then to 
eliminate its effect on the cathode emission, the plate current of T* 
must decrease by an amount Ah such that drop across (Ri+R*) t 
Ah + be equal and opposite to J£, i.e. 

d£=-J/,(£i+£,) ...(1) 

Now if change in grid voltage of T* is Ae 2t then 


“ Afr* mi ' 

giving Al z =de 2 g,„ v 

so that from equation (1), 

AE=Ae# nil (Ri+Rt). 

Further Ae 2 =AE— voltage across R t 

""-JOT-** 

L R1+R2 J Ri+R c 


From equations (2) and (3), 




AE=AE' 


Ri+R- 


•gm 2 (Rl-rRi) 


giving 


=AE.R 2 g lll2l 



so that AE be equal and opposite to the voltage drop across 
(/?!+/?*) due to the flow of current AI Z . Thus change AE is 
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cancelled and heater voltage remains effectively the same to keep 

the cathode emission unaltered. 

EXERCISES 

1. What do you mean by wideband amplifier ? Describe some uses of the 
wideband amplifier. 

2. Draw the circuit of uncompensated wideband amplifier. Describe its 
performance in low, medium and high frequency raoges. 

3. Describe the series peaked high frequency compensation of a widc-band 
amplifier. 

4. Draw the circuit of a wideband amplifier with both low and high frequ¬ 
ency compensation. Explain the compensation at both the frequencies. 

5. Describe the Loft in-White d.c amplifiers. What are the drawbacks of 
D.C. amplifiers. 

6. How the drawbacks of d.c. amplifiers are overcome in (i) resistance 
coupled d.c. amplifiers and (ii) cathode coupled d.c. amplifier. 

7. What do you mean by drift in d.c amplifiers ? Describe balanced push 
pull amplifier. 




OSCILLATORS 



For transmission of speech or music, we want continuous 
oscillations. The vacuum tube with proper combination of circuit 
elements may be used to give alternating current of any desired 
frequency. The vacuum tube does not create any energy and also 
it is not capable of producing oscillations by itself, but the main 
function of the tube is to convert d.c. into alternating current. The 
vacuum tube alongwith associated circuit is called a vacuum tube 
oscillator. 

Oscillator function are similar to a vacuum tube amplifier. In 
either case, d.c. power is supplied from the plate supply source 
and this results in alternating power across the output terminals. 
In amplifiers, however, the frequency, waveform and magnitude of 
the generated alternating power is governed by thccontrolling a.c. 
voltage from an external source applied to the control grid of the 
amplifier tube. In oscillators, on the other hand, frequency, wave¬ 
form and magnitude of the a.c. voltage generated depends only on 
the tube and associated circuit, and no external controlling voltage 
is required. 

The principle of oscillations is 
that the electrons acquire kinetic 
energy from the plate supply 
source and the tube with its asso¬ 
ciated circuit converts their kinetic 
energies into the alternating field 
energy at the output terminals. In 
this way the tube in oscillator 
converts the d.c. power into a.c. 
power. Here we shall discuss a 
simplified theory of oscillations by 

considering a circuit of pure inductance and capacitance as shown 
in figure 1 (a). 

When the switch is connected to terminal 1 , the capacitor 
is charged. The polaiity of upper plate is positive and the 
electrostatic energy stored in it is h CE bb 2 . This is shown in fig. 
1(b) at /=0. Now let the switch be thrown to terminal 2, i.e. the 
capacitor is connected to the coil L and the current flows through 
it. The voltage across the capacitor reduces to zero and the 
current in the coil becomes /,„. The electromagnetic energy in the 



Fig. I. (a) Showing principle of 
oscillations in LC circuit. 
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coil is \LI„r. Thus electrostatic field of capacitor is converted 
into electromagnetic field in the coil. This situation is shown at 
t = t\. After /=/j, the current flows in the same direction and the 
capacitor begins to charge with lower plate positive till t=t 2 . Thus 
the whole energy in the magnetic field is changed again into elec¬ 
trostatic field energy. Now the current in L becomes zero. After 
t = t 2t the capacitor begins to discharge through L. The current 
flows in the upward direction till /=/ 3 - The capacitor is com¬ 
pletely discharged. In this way electrostatic energy is converted 
into electromagnetic energy. After / = / 3 , the current flows in the 
upward direction till the upper plate of the capacitor is charged as 
at f=0. 



Fig. 1 (b). Charging and discharging of a capacitor through inductance. 

Thus when inductor and capacitor arc loss free, she trans¬ 
ference of energy from electrostatic to electromagnetic and from 
electromagnetic to electrostatic takes place for an indefinite time. 
The voltage across the capacitor or inductor will be an a.c. voltage 
of constant amplitude. If capacitor and inductor are not loss free 
then the voltage across them will be damped oscillatory due to 
energy dissipation in the elements. 

15 0. CLASSIFICATION OF OSCILLATORS : 

Vacuum tube oscillator circuits may be broadly divided into 

followingltwo groups : 
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(A) Those circuits which produce non-sinusoidal waves : 

Circuits which produce non-sinusoidal waves are known as 

relaxation oscillators. They are classified as . 

(i) Vender- (ii) Multi- (Hi) Glow (iv) Arc tube (v) Saw tooth (v.) Square 
nol vibrator tube discharge wave wave 

P01 discharge generator generator 

(B) Those circuits which produce sinusoidal waves : 

Sinusoidal waves can be produced by the following types of 

(1) Negative resistance oscillators : If the circuit be ^ e 

in such a way that an increase in voltage dccreases th ^ urrent ^J 
vice-versa, the circuit is said to have negative ^'Stance y 

circuit having a negative resistance charactcnstic ean be use 

an oscillator. The four types of negative resistance oscillator ci 
cuits most commonly used are : 


(/) Dynatron, 

(ii) Transitron, 

(Hi) Push-pull circuit, 

(iV) Resistance-capacitance circuit. 

(2) Feed-back oscillators : If a portion of the output is com¬ 
bined with input signal, feed back is said to exist. If the net enec 
of feed-back is to increase the input signal feed-back is caiieo 
positive or direct feed-back. Positive feed-back is generally usco 
in feed-back oscillators. They may classified as follows : 


(i) Tuned plate, 

(it) Tuned grid, 

(i/7) Colpitt, 

(iv) Complex types using more than one tuned circuits arc . 
(o) tuned grid-tuned plate, 

(b) Meissner, 

(c) electron coupled, 


(3) Crystal oscillators : Crystal controlled oscillators are 
used when the frequency of oscillations is to be maintained at a 
fixed value. The crystal is not used to produce oscillations but 
controls the output frequency of the oscillator with which it is 
used. 

(4) Magnetostriction oscillators : The magnetostriction osci¬ 
llator circuit is based on the principle that a change in magne¬ 
tization will cause a magnetic material to expand or contract ana, 
conversely, that a contraction or expansion of a magnetic material 
will cause a change in magnetization. 


151. BARKHAUSEN CRITERION FOR OSCILLATIONS 


Figure 2 (a) and 2 (b) show the block diagram and equivalent 
circuit to ascertain the conditions of sustained oscillations in a 
vacuum tube circuit. 
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Suppose a potential E g is impressed on the grid of the tube 
without regard to the source of this potential. The output current 
is given by g,„E g for an assumed linear operation of the circuit. 
Now because of the current / to the input of the coupling network, 



coupling network 

Fig. 2(a) Block diagram. Fig. 2(6). Equivalent circuit. 


a certain potential will appear across the output terminals of this 
coupling network. If this return potential is equal in magnitude 
and phase to the original potential E g% the circuit may be connec¬ 
ted at point A and the system will continue to operate. 

To examine the criterion for oscillations analytically, consider 
first the transfer impedance of the coupling network, which is 
denoted by Zr, and which is defined as the ratio of the output 
potential to the input current. From the diagram 



Negative sign is due to phase shift of 180° in the coupling 
network. Thus 

Z r ./=-£,. 

Zt ( g.„E,+ty = -E„ 

where K is complex voltage amplification equal to and 

r pE"*~t Lt 

If Z denotes the impedance as viewed from plate side to 
coupling network. 

Z=-^ or Zl=—E p , z[g„E t +j^ = -E P , 
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z »- [ ,+ r]— e—* r - 

W--s- : <i: 

From the coupling network figure, complex voltage amplifier 
tion is 



and feed-back factor x-= -=- • 

l p 

But coupling network has the property E/b—E g . Hence Kx= 
Puting this value in equation (I), 


V- + 

-*» 


1 

1 A-fr _ 

1 or 

1+m«_ 

- \-9.= 

Zg,„ 

a 

' Zg.n 


rfc or 

1 

a 

r p.gn 


1. 


z-f 


1+a/z 


■ 0. 


This is another form of the Barkhausen criterion for oscilla¬ 


tions. 


15 2. ANALYSIS OF THE FUNDAMENTAL OSCILLATOR 
CIRCUIT : 

Before examing particular types of oscillator circuit, it is 
useful to examine the action ot each part of such a circuit. 


However, these actions are not 
independent of each other but 
arc closely related, all occurring 
almost instantaneously. Fig. 
(3a) shows the fundamental 
oscillatory circuit. 

At the instant of closing 
the switch S t the electrons 
emitted from the cathode will 
be drawn to the plate. This 
causes a current to flow from 
the cathode to the plate, through 
the plate coil L P , the E bb power 
suppiy and back to cathode. As 
thej current through L P incre- 



Fig, 3 (a) A fundamental oscillator 
circuit. 
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ases, a magnetic field builds up around the plate coil and by 
mutual inductance, a voltage increasing in magnitude is included 
in the grid coil Lg> Due to this fact the grid becomes positive 
thereby increasing the amount of plate current, and the capacitor 
C in the tank circuit becomes charged. The increasing plate 
current, thus causes a greater voltage to be induced in the grid 
coil, thereby increasing the plate current still further until a point 
of saturation, depending upon the resistance of the circuit, plate 
supply voltage, and the characteristic of the tube, is reached. 

As soon as the plate current ceases to increase, the field about 
the plate coil ceases to expand and no longer induces a voltage in 
the grid coil. The tank capacitor C starts to discharge through 
the grid coil; hence it makes the grid less positive, which in turn 
causes the plate current to decrease and the magnetic field about 
the plate coil to collapse. A voltage will again be induced in the 



l$pi ijp 


J L---1 _ 

(b) £*:) (<*> 

ft pondlnqilaa- tiectron Collapsing* 

nJu flo* Magnatef<M 


Fig. 3. (6) 

arid coil but opposite in direction to that produced by an expan¬ 
ding field. The voltage on grid thus becomes negative, thereby 
decreasing the plate current still further until zero plate current 
flows. 

As the induced voltage in Lc is zero when cut-off is reached, 
the grid capacitor which has been fully charged in the meanwhile. 



Fig 4. Variation of plate current in the oscillator circuit 
will now start to discharge through the grid coil. This decrease 
in voltage across the capacitor makes the voltage on the grid less 
negative thus causing the plate current to increase and the 
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magnetic field about the grid will make the grid more positive 
thereby increasing the plate current still further until saturation 
is reached. The cycle of operation repeats itself continuously as 
long as energy is supplied to overcome the losses in the circuit. 
Oscillating energy from the grid circuit can thus be transferred to 
the output circuit. 

15 3. TUNED PLATE OSCILLATOR : 

Figure 5 (a) shows the circuit diagram of the tuned plate 
oscillator. In this oscillator, a parallel tuned circuit is connected 
directly in the plate circuit. 

Another coil inductively 
coupled to the coil of the 
tuned circuit provides the 
grid excitation. Here it is 
assumed that the grid curr¬ 
ent is zero. The circuit is 
just similar to tuned class C 
amplifier, but with the diffe¬ 
rence that this circuit provi¬ 
des its own grid excitation. 

This combination of grid 
leak resistor R g and a grid 
capacitor C g allows the self starting feature. 

The principle of operation is as follows : 

For the time being, we neglect the R s% C g combination which 
simply provides the d.c. grid bias. When the circuit is closed, 
electrons flow from cathode to the plate and plate current flows 
through the capacitor C thus charges it. Here it should be remem¬ 
bered that virtually the capacitor acts as short circuit and indu¬ 
ctance as open circuit. In the charging process of the capacitor, 
tnc lower plate remains positive. After a short duration, when the 
charge across the capacitor builds up, the plate current diminishes 
because of a fall in plate voltage which is equal to the difference 
o the plate voltage and the voltage across the capacitor. The 
piaic current becomes practically zero when the capacitor is fully 
charged The charge of the capacitor now flows through induct¬ 
ance and it is transferred to a stored magnetic field of the coil. The 
i r .u CCroS M • e ca P ac,lor is now reversed. When the magnetic 
,, c # co u l1 ,s ^creasing, the voltage induced in the grid coil 
™ uial ,he S r,d becomes more negative than the bias voltage 
prc vents the flow of plate current. When the magnetic 
fniu, V.u C01 has c , om P ,etc| y collapsed, the capacitor is charged 
u ,? per . P ,ate positive. Now the current flows in the 
, - c ». from the upper portion of the coil and thus 
increases the magnetic field in coil in the opposite direction. The 
current continues to flow with decreasing magnetic field and the 
capacitor will begin to charge with lower plate as positive. In this 
case, the voltage induced in the grid coil is such that the grid 



Fig. 5 (tf). Circuit diagram of tuned 
plate oscillator. 
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becomes positive. The plate current again flows and charges the 
capacitor C, replenishing energy lost in resistance of the circuit 
during the previous part of oscillating cycle. The cycle is again 
repeated. 

Let an a.c. voltage E g be applied at the input of oscillator. 
This voltage is amplified by the tube and a current 1 L flows through 
the inductance L in the plate circuit. Now due to mutual induct¬ 
ance M y a voltage j'wMIl is induced between grid and cathode of 
the tube. If this induced voltage is in the same phase and greater 
than or equal to the applied voltage E gt sustained oscillations will 
be maintained in the circuit. We know that the tube makes a phase 
shift of 180° and again the transformer makes another 180° phase 
shift, hence the feed back voltage is applied in the same phase as 
the orginal voltage E g . The oscillations in the circuit arc develo¬ 
ped due to positive feed back. 

Figure 5(b) shows the 
equivalent circuit of tuned 
plate oscillator. Now we 
shall write the differential 
equations involving instan¬ 
taneous voltages and current 
in the circuit and solve them 
to obtain the conditions 
under which oscillations 
take place. 

The loop equation of Fig. 5(b) Equivalent circuit of luned 
the plate circuit is plate oscillator 

,iE g =r P l P +I,. (R+jwL). ...(I) 

For the tank circuit, we have 


k I L at 



—r =//. (R+J-L). 



and 

E g =ju*Ml L . ...(3) 

.-(4) 

Substituting the values of E g and I P from equations (3) and 
(4) in equation (1), we have 

njwMlL-r n Ul+Ic)+Il (R+jwL) 

=r p lL+r P Ic+lL (R-rjuiL) 
=rpic+Ii.(rp+R+j<*>L) •••(*') 

From equation (2) 

7c=//.. y*wC ( R+jwL ). ...(6) 

Substituting the value of /c from equation (6 ) in equation (5), 

we get 

fijcoMIi = r^tjoiC (R +ju>L)+I l (r P +R +jwL) 
j<vMn=jvjC.r p , (R+jt*)L)+(r p -\-R-\-ju>L) •••(?) 
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or 


Equating the real part in equation (7), we have 
—a >*LCr p+r P +R=0 
, r P +R_ 1 /. R\ 

—r-LC-IcV+j;)- 

i /. . * V* 

" " V(£C)l ,+ rJ 

= <*>0 [ l +^']’ since R ^ r P ■ 

where w 0 is the constant angular frequency of the tuned circuit. If 
R is very small, 

/ d \ 

...( 8 ) 


/ -4 + #J 


So the frequency of oscillations is slightly greater than the 
resonant frequency of the tuned circuit. 

Equating the imaginary part in equation (7), we have 

ujMn=wCr p R+ ojL 

' ...(9) 

This is the minimum value of the mutual inductance between 
tuned circuit and grid for maintained oscillations. 


Again 


M 


L_,CRr 


A 

gn, 


£ CR 
H gm ’ 


or 


g> 


ft CR 
Mu-L 


...( 10 ) 


Equation (10) gives the value of g. y , for sustained oscillations 
in a tuned plate oscillator. Ifg m is less than this value, oscillations 

* c k U 11 lf ls morc than th,s v alue, the oscillations continue 
o brnld up and then R g C s bias, the point of operation shifts, 
ntil such a position is reached where g„ has the desired value. 

circuit U,ldin8 UP ° f 8rid b,8S vo ** age in ,he 8 rid ,eak and capacitor 

se,f stail,n 8 feature and a grid bias voltage of magnitude 

with thAk °i T 8 r reater ,han ,he cut ‘ off vaIue are both realized 
P * 0f gnd ,eak and capacitor combination. Before the 

arfdhiJ! 1 conn ^ / t 1 ed * the capacitor C, is uncharged and the 
zero - When the supply is connected, a surge of plate 
«r 3 vi SeS Y h,< iu ,nduces a sinusoidal voltage of small ampii- 
tude m grid coil. This voltage is applied to C g R g combination 
and grid cathode structure. 



Oscillators 


597 


Drawing the positive half cycle, a pulse of grid current occurs 
and the capacitor C g receives a charge. The action is similar to 
a half wave rectifier circuit with a resistive load and a smoothing 
capacitor. The capacitance of the capacitor should be large enough 
to have neglible reactance at the operating frequency incompari¬ 
son with the grid leak resistance R e . That is, 

-Jr 4 .-(11) 

toLg 

Hence the time constant of the biasing circuit must satisfy the 
relation 


R'C S 

R*C S 




where Tis the period of oscillations. 

Durring the other half cycle, the grid is negative with respect 
to cathode, no grid current flows and the only path by which C K 
may discharge is through the resistance R s . Thus the charge of C e 
leaks off through /?* under the condition 2. As the rate of leakage 
is small, some charge is accumulated on C s during the cycle. This 
process is cumulative, the charge on the capacitor builds up, the 
negative grid bias voltage increases, and the grid current pluse 
decreases until a steady state is reached when the total charge 
received by the capacitor is equal to the total charge lost by it 
through R s . 

15 4. TUNED GRID OSCILLATOR : 

Figure 6 (a) shows the circuit diagram of a tuned grid oscill- 
tor, also called the ‘Tickler coil oscillator**. In this case, the tuned 
circuit is connected between the grid and cathode of the valve, and 
coupled to the anode by mutual inductance. 



Fig. (a). Tun 2d grip oscillator. 

When the circuit operates, the plate current flows. The 

increasing plate current induces a current in the grid coil. This 
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current charges the condenser in the tuned circuit in such a direc¬ 
tion that the grid becomes more positive, thus increases the plate 
current further. This process will continue until the plate current 
reaches a saturation value. As there is no further change in 
current in plate coil, there is no further change in grid potential. 
The tuned circuit capacitor, 
which had charged earlier, 
would now discharge through 
tuned circuit coil. When the 
condenser discharges, a fall of 
potential takes place which 
makes the grid less and less 
positive with the result that 
plate current starts decreasing. 

The decrease in plate current Fig. 6. (b) Equivalent circuit, 
in the plate coil will induce a current in the tuned circuit coil, 
such that the tuned circuit capacitor will discharge more rapidly, 
resulting in grid going more negative and plate current decreasing. 
Now the plate current reaches the cut off value. The cycle of 
operation repeats itself at a frequency determined by the freque¬ 
ncy of the tuned circuit. Any loss of power in dissipative elements 
of tuned circuit is made up (in magnitude and right phase) from 
the valve amplifier and oscillations can be maintained as self 
sustaining. 

For the purpose of calculating the condition of oscillations 
and frequency generated by the oscillator, we assume that a voltage 
L.. is applied between the grid and cathode of the tube. Due to 
this voltage a current I p fiows through the inductance L. Due to 
mutual inductance a voltage E s is induced between the grid and 
cathode. If this induced voltage is greater or equal to the input 
voltage and is in the same phase, sustained oscillations will be 
produced in the circuit. The feed back voltage is in the same phase 
with input voltage because the tube makes a phase shift of 180 ° 
and again the coupling transformer makes a phase shift of 180 ° 
a total phase shift of 360 takes place. 

Applying KirchhofT's law to meshes (l)and (2). 

H E . : = I p ( R -f- r p -J-, joj L) — jut Afl i 


I.L 


Aagin 


0 -/,£/<, rjcR, + 

I . 


,.cj- 


Mlo. 


...(1) 

...( 2 ) 


E t 


joiC | 


Putting the value of E s in equation (1), 

,l jZxTf “ Ip +*> +/w/-) —jwMI ,, 

*' I J^c, j“ 'l]=Ip(R+r,+j<*L). 


...(3) 
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Also from equation (2), 

•• (4) 

Dividing equation (3) by (4), i.e. eliminating /, and l r> we 
shall have complex quantity involving frequency and circuit cons¬ 
tants, the real part of which will give the condition of oscillations 
and imaginary part will give the frequency of oscillations. Thus, 
we have 


R 


/« *i+/ 


jZc[ +jo,M 


Ri -rjioLi 


I 


_ R + r p -\-jo>L 


jojM 


jo»C i 


If R < r, and is neglected, we have 

r->r juM . 

Jp'Cj __ r p -fyoiZ. 

1 


Ri+jioLi 


jtvM 


...( 5 ) 


JojCi 


On cross-multiplication, 

— io 2 M 2 = r p -rjioLi j +7 W ^ +7 W L t + ^ j • • • ( 6 ) 

Equating the real parts, we have 

Ci 

liM-u'MK^RxrpCt-v'C LL x -\-L. 

If the circuit is resonant, so that 

than /xM ^\-j-^^=Rir P Ci, sinc ^ 2 “r,cr 

|„ general is small compared with unity and so 

R\ r t£\ _ C\R\ r r 


M = 


M— 


C^t 

gm 


r r g,n 


This gives the maximum value of A/ required for the main¬ 
tenance of oscillations, i e. 

. C\R\ 

gn.*> M 


On equating the imaginary part in equation (6). 
0 = ojLjr p - -\-R x ojL, 

CUV^ 1 

0 —u> 2 L\T p C\—.r p -'rR\o)~LCi. 
r p —oj- ( L\C x r p -\-R X LC 0 
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(U 


2=r- 


E\C\r p-f- R\LC\ r ^ , RiC\L 

LiCH--- 

•p 

1 


Lie, r i 


Ml 

Ur A 


OJ = 


1 


[■- Ss 

i 


_ mi 

V(i 1 C 1 )L“ r i 1 r,J 


[■+ 


1 - 1/2 


wh ' re ^-SvcCcT)' 

The frequency generated in this case is thus slightly lower 
than that of the resonant frequency of the circuit connected 
between the grid and cathode of the valve. 

15 5. HARTLEY OSCILLATOR : 

The Hartley oscillator is one of the simplest type of oscillator 
circuits. The circuit arrangement can be shown in two forms 
(0 series-fed circuit, and (//) parallel-fed circuit as shown in fig. 7. 




(b) A parallel-fed circuit. 

I ig. 7. Hartley oscillator circuit. 

sin-hVh ^j arl,e y oscillator only one coil is used, which is tapped 
In ihi a • ? V OTi \ on Li of thc coil is in the plate circuit, while L % is 
hnrktn r, ih c ' rcui [ T . he amplified energy in the plate section is fed 
‘ IlnI nf l 8r, r t,rc .^ 1 b y means of inductive coupling and 
and Lo C0U P ,m S W| H depend upon the number of turns in Li 

led circuit, the plate power supply is connected in 

thrnnoK * u* ate s ? ct,on - In this case, oscillatory current flows 

mflroicch hl , 8h j t I ^ ns,on sou rcc. To remove this, high tension 
souro* <s shunted by a capacitor CV 
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In parallel fed circuit, the plate circuit is divided into two 
parallel branches, one to provide a path for direct current and 
other for alternating current. R.F. choke keeps the alternating 
current out of the d.c. circuit while C 2 keeps the direct current out 
of a c. circuit. In order that most of the r.f. current may flow 
through the plate section, instead of iqjough the plate power 
supply, the reactance of C 2 at the 
resonant frequency should be small 
in comparison with the reactance of 
the choke coil at the same frequency. 

Thus the function of C 2 is to prevent 
the d.c. component of power supply 
to reach the tank circuit. 

If the presence of C u C 2 and 
r.f. choke is neglected, then the 
equivalent circuit for the two arrange¬ 
ments will be the same as given in 
lig (#)• 

Applying the KirchofTs law to 
meshes (I), (2) and (3), we get 

nH g = li {RrrjujL^+lijioAf +/ r r 

E s = I- ( Rt +jwL.) -f /1 ji»M 

0^/, (Ri+juLJ+ItjuM f/ t {Rt+JwLd+lxfaM+jfe -..(3) 



Fig. 8. Equivalent circuit. 


/• 


..(I) 

...( 2 ) 


Again 


W«- h 


and form equation (2) and equation (4), putting 
and /„ in equation (I). we have 


the 


...(4) 
values of E s 


lll-i (R’-rjujL')+nlijujM—Ii (Ri+ju*Li)+ lijuiM+fp (A—A) 

/ 2 [(f»J*i+'t)+> (/*£*-*/)|=A [*i+r,+/» (L,-//A/)] 

U Ry\-rp+jw (Ly-pM) ...(5) 

h~ltRt+r,+ja> (hL 2 —M) 

From equation (3), we have 

[Ri+i<o(Li |-A/)] = / 2 [ Ri+jio M)- 


A 

/. 


R y ~\’jw {Ei T M) 

Ri+j w lLt+M)— -4: 


Equating equations (5) and (6), 

R,+r v + j?(U-nM) _ _ Ri+jo> (Lt+M) 

uR-Trp+j" (nLz-M) Rt rjw (L,+M)-jlv>C 
Cross multiplying and equating imaginary parts, we get 

ujR: (Z.,-M w )+‘ u ( / -2+' W ' (/?,+r ' ,)- ' 

= -,*/?,« + M)-RMv-L-,-M), 


..( 6 ) 


...( 7 ) 
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W (Lt-nMH a,* (U+M) (Ri+rJ+uRtv* (U + itf) 


+r p (Li+M) uj'+Rko 2 (/iL* — M) 


E\ -\-r p 
C 


> 


w* [£,/?, (I+/z)+ R,L. (1 +n)+r p (L l +Lt+2M)=^^- 

Now L,/? 2 (1 +m) and E\E% (1-r/x) can be neglected in com¬ 
parison to r p (L x +L 2 +2M) ; hence we get 


to 


2 __ 


^1 + /V 


at 


^ r P (^i+^<3 + 2Af) 
/?i-r/*p 


But 


=jmj( 


1 


C(Z. 1 + Z.2+2A/) 


V[C(I 1 + L+2A7r =reSOnan ‘ freqUenCy/;= 2 ,vW 

because in this case of coupling Z.=(£ l -f L«+2M). 

Hence 2 jt/= r 'j -2n/ r , 

H '4Y'~ 

0r /-(j+^J/r. -(8) 

Equating the real part in equation (6), we get 
L\-y M Cr p (/?! + /?•) (L X + L % +2M) 

U + M+ (L X +M)(L % +M) 

If the resistance of the coil is negligible. 

L x +M 

"“ITm?' 

The circuit can thus be adjusted for oscillations by the alter¬ 
nation of the tapping point on the coil. 


15 6. COLPITT’S OSCILLATOR : 

The principle of Colpitt’s oscillator is similar to that of 
Hartley oscillator, but the change being that the cathode is 
connected to a tapping point on the capacitor instead of the coil. 

As there is no conduction path between the grid and cathode 
of the valve it is essential to provide a grid leak resistor R g . In 
addition, a low reactance capacitor C' is required to block the 
direct potential ot anode from reaching the grid. A high frequency 
choke is also necessary as the circuit is shunt fed. The grid excita¬ 
tion voltage is obtained from the grid tank capacitor C 2 . 

In this oscillator, as plate current starts to flow, the plate 
blocking capacitor C’ starts to charge, which in turn also causes 
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Fig. 9. The Colpiti s oscillator circuit. 

the plate tank capacitor C, to charge. This increase in voltage is 
transferred to the grid tank capacitor C 2 through the r.f. choke, 
causing the terminal connected to the grid to become more nega¬ 
tive When the feed back voltage causes the plate current to 
decrease, less energy will be stored in the plate tank capacitor, 
thus reversing the direction of the feed¬ 
back voltage. As this action continues, 
sustained oscillations will be produced. 

If the effect of the extra components 
i.e. r.f. choke, condenser C' and resis¬ 
tance R. be neglected, then the equiva¬ 
lent circuit is of the form as shown in 
fig. 10. 

Applying the KirchofTs second law 
to the various meshes shown in the fig. 

10, we arrive at 

,.£,=V>+ j^r 


* 4 ® 


L. 


0 


A 

~jo,C : 

A 

>c 


...( 1 ) 

...( 2 ) 

r ;■ I, ( K+y"£H 



Fig. 10. Equivalent circuit. 


jwC 


i) 


•••(3) 


Applying first law at the point M 

•••(*») 

Putting the value of from eq. (2) and l p from cq. (4) in 
eq. (I), we have 


jZcr y ‘ l ' j"C< 


ywCj 


> 
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A 

h 


p r ; 


jwCi 


r P + 


...(5) 


P ' jwCt 
From equation (3), we have 

/i 


-j±r h ( R+jtoL+ ]^c,) 


h 

u 


\ 


jwC '( R+jwL+ ]~c,) 


...( 6 ) 


Equating equations (5) and (6), we have 

VK- 


>Ci 


_ , A 4 
p ~ r jmC t 


jmCi ( R+JwL+ ]Zc) 

riJwC '( R+ju,L+ i^c,)+( R+jaL+ jic;h-{ rp+ j£c:} 

—ufiC\C& p R— rp/w 3 C|CjL+r / . i /cuCi+ < /a>C2/?—arLCf-f* 1 

MM—r p jwCt—n 

Equating the imaginary parts 

— r p w*C\C%L + r p wCi + <oC 2 R = — r p u)C it 
r pC i+C 2 /?+r pCa=w 2 r p C\CfL 
r pC i_ , C±R r p Ct 


r P C\C%L r /t CiC~L~^ r P C\C*L 
\ . R . \ C t +C t 


R 


and 


'"C*L + r r C l L + C,L ~C,C.L + r p C,L 

i rc,+c a r i 
OtL C. +r,J 

f ~ J{ 1 + (c^C ; )r7} 

where/ 0 is the resonant frequency of the tuned circuit, given by 

'•yj(m £)■ 

I lie condition for the circuit to be oscillatory may be obtained 
by equating the real part. That is 
( 1 + #0 ~ RfpOj-CiC. + « 2 Z.C.. 

1-f /t= w 2 l/?r / ,C 1 C-l-C 2 Z.i 



Oscillators 


605 


- E 5 r [' + ( c &)^]' s " c ‘ c - +M1 

-[ '+(wcJ^][( S f?) + T |C ' + « ] 

C R 

Neglecting the term . C[+ 2 C ; ) —, being very small, we get 

1 +M =^±^ + ^(C,+C ! ). 


'* = e; + T t (C,+Cs)- 

This is the condition for the circuit to be oscillatory. 
15*7. DYNATRON OSCILLATOR : 


It makes use of that 
portion of the plate charac¬ 
teristics of a tetrode which 
displays negative resistance. 
Fig. 11 shows the plate cha¬ 
racteristics of tetrode for a 
fixed values of screen grid 
voltage. 

As the plate voltage is 
increased from zero, the 
plate current increases nor¬ 
mally. At a particular value 
of plate voltage £>,, secon- 



Fig. II. Negative resistance charac¬ 
teristics of a tetrode. 



Fig. 12. Circuit of a dynatron oscillator. 

darv emission from the plate begins and these electrons are 
collected by the screen grid because screen grid voltage is then 
much higher than plate voltage. The number of secondary electrons 
is lost by the plate, may exceed the number of primary electrons so 
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that the net plate current actually decreases with the increase of 
plate voltage. Beyond plate voltage E p n secondary electrons are 
drawn back to the plate because this potential is sufficiently large 
to hold them. The negative resistance portion AB of the tetrode is 
used in dynatron oscillator, circuit of which is given in fig. 12. 

This oscillator operates with a 
fixed grid and screen voltages. The 
plate circuit contains a parallel LCR 
circuit. As there is no alternating 
current in plate and r p is negative, 
equivalent circuit is give in fig. 13. 

Applying KirchofTs law to the 
two loop network, 




ti+c. 


l ± 


(D l (D 


~~ r r (*'i+M + £ = 0, 

di\ 


...(I) 


Fig. 13. Equivalent circuit. 


L 't dt=0 


...( 2 ) 


On differentiating equation (2), we get 

/ d%il 4_ r> di ' 1 • 

L nr + *ir-z '* 

Multiplying by C, 


0. 


LC 




dt 2 


CRp. 

dt 


...(3) 


Again multiplying by r r we have 


LCr, 


UlL L CRr dil i 

dt * +c * r '3T 


Putting the value of Lr p from equation (1), we write 


LCr , 


d'h 

dt* 


+r ** % 


■4+w-^ 

LCr 'lF + (r, C *-L)%=i, { R-r r ) 


rf, 'i r.CR-L 


i.e. 


For sustained oscillatio 
r r CR-L 


di x 

dt 


(r P -R ) 

LCr r 


/i=0. 

di\ 


...(4) 


ns, the coefficient of -r- 1 should be zero, 

at 


LCr p 
L 


= 0 , r r CR-L~ 0 , 




C7? -(5) 

Figure 14 shows the current and voltage waveforms of a dy- 

natron oscillator. If „ has a value greater than ± the amplitude 

J\L 
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Fig. 18. Current and voltage waveforms of dynatron oscillator, 
will decay exponentially and oscillations will not be sustained. If 
r r has a value smaller then the amplitude will increase and 

finally when thc oscillations will be sustained. The limit¬ 

ing condition for sustained oscillations is 

. L 
' r< CR 


The frequency of oscillations will be 

= (coefficient of 
r pLL 

1 Itr.-R 


Oi 


J(V S ) 


..( 6 ) 


V(ic). 

f= 2*J(LC) J( 

The condition (5) of sustained oscillations and frequency ex¬ 
pression (6) of oscillations can also be derived by applying 
KirchofTs law to the meshes (1) and (2). 

For mesh (1) 

—r r (!,+/*)+/. (R+jo>D= 0. ...(7) 

For mesh (2), 


< R+jojL ) i, 

From equation (7), we have 

— r,ii— V»+»i (R+j<oL)= 0. 


..( 8 ) 
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Substituting the value of i 2 from equation (8) in equation (9) 
we get 

—rpi x —r p {R+ju>L) (jaiC ) h+h (R+j(oL )=0 
— r P — r P ( R+jvL) (imC)+(R+ja)L )=0 
or — r p — r p Rju)C-[’r p oj i LC-\- R-rj<oL= 0. ...(10) 

Equating the imaginary part on both the sides of equation (10) 
we get 

—rpRajC+uiL=0 or r p ■ ^ 


Again equating the real part on 
( 10 ) we get 


both 



of equation 


or 


—r. 




/= 


r p uj 2 LC+R =0 

M -I) 
( 



ard 


2 W(LC) x . „ 

The frequency stability of dynatron oscillator is very high 
because the cathode and plate capacity which can affect the frequ¬ 
ency of oscillations is very small. In this case there is no variable 
coupling factor between the grid and plate. The main advantage 
of dynatron oscillator is its dependence upon the secondary emis¬ 
sion. 

15 8. RC OSCILLATORS : 

As the name suggests, RC oscillators employ the resistors 
1 capacitors in network ; no inductor is used in such a type of 
oscillators. Such circuits have an advantage that they can be used 
for very low frequencies, where LC resonant circuits, would be too 
much bulky and expensive. The basic principle of using an ampli- 
lying device and feeding back a positive signal of sufficient ampli¬ 
tude to overcome the losses still applies. There are two types 

° „ 0 ^H alors : (0 Pha5C sh 'ft oscillator, and (/#) Wien bridge 

oscillator (RC tuned oscillator). 

(i) Phase shift oscillator : This oscillator may be considered 
as class .1 type amplifier with resistive load, in which the output 
developed accross the load 
resistance R L is fed back to 
the grid through a phase 
shift network which intro¬ 
duces a phase shift of ISO 3 . 

The phase 180° is produced 
because each L section con¬ 
sisting of an RC combina- 
tion makes a phase shift of 
60 at the oscillating frequ- 
incy Since the amplifier 
itself introduces a phase shift 

of 180 


total phase shift 


in 
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the feed-back loop is 360°. Oscillations may, therefore, be produ¬ 
ced. The feed back network consists of three sections of 
RC network, each section contains one resistance and one capa¬ 
citance in series. 

For the frequency of oscil- C C c 

lations, consider the current —p p , p i_o 

distribution in the phase shift l/ZT+H r~T7* I T^l ’ 
network as shown in the figure 15 I 1 * • I 

(b). It is assumed that r ^ fl J I 

/? 1= /? 8 =/? 3 =£. §§/? §§/? Ur 

and C\ =z C% = C$—C ^ ^ 5? I 

£, is potential between plate Tjj (U 1j 7 '• 

and cathode, and E 2 the poten- -1— 5 i 2 -1 —* 

tial between grid and catho- Fig. 15 (6) Current distribution 

de. in phase shift network. 

Then /,/?=£*. ...(1) 


J 


Fig. 15 ( b ) Current distribution 
in phase shift network. 

-d) 




...( 2 ) 


producing a phase shift of 60\ The frequency of oscillations can 
be changed by varying C or R values. In some commercial appli¬ 
cations the R values are changed in steps (x l,x 10,x 100), and a 
variable ganged capacitor is used to select the specific frequency 
with these step values. Further 




...(3) 


...(4) 


From equations, (1), (2) and (3) substituting the values of 
/„ /„ and / 3 in equation (4), we get 

_ /1+/2+/3 . (A-f/t) . I \ , r 


£l = 


+ jwC 


From (I), 


3/| + 2/i+/3 , F 
• h ~ R * 


...(A) 


...(5) 


From equation (2), 

, V » . _L_\ , _^L 

i *'-R‘\ f ~ jujC )~R r R-jwC 

= E *[t + jwCR* ) 


/, = / 2 + 7 


Ix + h 


jcuCR 




jwCR 2 


...( 6 ) 
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jmRC {« + R + jo>CR * }]’ 

/3=£: [«~ + 7<oC.R ! + j-w-CiR 1 ] • ...(7) 

Substituting the values of /,, /, and / 3 from equations (5), (6) 
and (7) into equation (A), we get 

1 E. 


E, 



3 , 1 

jmCR* + j *W*C'-R* 


) 


T=[( ( 


...(B) 


W ’CR> 

where a is fed-back ratio. 

Let A be the voltage gain represented by 

A = A r +jA,. ...(8) 

where A, is the real component and A, is the imaginary compo¬ 
nent of voltage gain. 

For a given circuit, assuming the effect of phase shift network 
on R l to be negligible, we have 

iiRr 


A = - 


r p + /?L 

Obviously, A/ = 0 and A r = — hRL 

r l • 

For oscillations to be sustained, 


...(9) 


Av. 


I or — 
a 


Hence 


[ 1 r-co'c* 


} 


_ SC'R* a>CR „ 
Equating imaginary parts in equation (10), we have 

_1_ 6 

o>*OR* ~^CR~ ~°* 


A r . ...(10) 


6#C* ' or w= toc ; 

then frequency f= - 1 

2 t r^6.RC 

These phase shift oscillators are used only as fixed frequency 
oscillators because the variation of resistance R and capacitance C 
in the phase shift network is troublesome. 
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Advantages of these oscillators : 

(a) They may be constructed with simple and cheap compo¬ 
nents. 

(h) They can be made to operate at low frequencies. 

( c ) The frequency depends upon the product of R and C. 
This enables a wide range of frequencies to be obtained. 

(d) Phase shift oscillators operate in class A conditions. 

(ii) Wien Bridge Oscillators : Wien bridge oscillator is a two 
stage RC coupled amplifier in which a fraction of the output volt¬ 
age is fed back to the input terminals. Oscillations are produced 
if the feed back voltage is equal in magnitude and phase with the 
voltage initially assumed at the input of the first stage. Figure 16 
shows the circuit diagram. 



Fig. 16. Circuit diagram of Wien Bridge oscillators. 

Resistors R 3 and R t arc used to stabilize the amplitude of the 
output. Resistors R t is either a tungsten lamp or thermistcr. In 
either case, its resistance increases with current. Feed-back Irom 
y 2 is applied through C 3 and R> to the cathode of V x . This cons¬ 
titutes negative feed-back. 

The frequency selective circuit consists of the series element 
R.C X and the parallel element R 2 C 2 . The voltage developed between 
their junction (point A) and the ground is applied as input to the 
two stage amplifier. Depending on these component values, there 

will be one frequency at which this input voltage is in phase and 

of sufficient magnitude to sustain oscillations. 

Let E, be a fraction of the output voltage feed-back to the 
input of the amplifier so that we have 

Ei _ impedance in Ei branch ^ 

^ impedance in £ 0 branch 

£■__ R JJ*Cz y _ 1 

Eo 




y'wC\ 


*« + 7 


1 , R 2 / juiC2 


jwCx 
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JH 


p, * . Rt!j-C t T, /?;+(l/>C 2 ) 

1 >>c,' *.+a/ y^cTj r,i jo>c ~ - (2) 

R - + 

Rt>c ,+1 J X L % J 


1 *■ 
jtuC i RzjojC- 


-^■ s '+S+§-3k+'' 


As the amplifier behaves to have zero phase shift, £ 0 and E, 
will be in the same phase ; hence imaginary part should be zero ; 

“ C3/J,= ^ : "* CiC ^ /? *= 1 : - vodhtt ) - (4) 
,hen /= - (2) 
Equating real parts, ^=A=^+^+ 1. ...(6) 

where A is voltage amplification. 

Advantages. It is used for the production of frequency due to 
following advantages : 

(/) it contains no inductor, 

(//') low distortion, 

(///) good frequency stability and 

(/») constant output voltage over a wide frequency range. 

15 9. FREQUENCY STABILITY OF OSCILLATORS : 

# 11 K- , ^ t0 thc -. Var,all0n in lhe °P eralin g characteristic either due 
n fr?n.,^ r C,rCU 'c P arameter ;!> vacuum tube oscillators suffer changes 
o h0r m0Sl ° f the P ur P° ses lhe frequency of the 

rC r ma,n constant - Now wc shall consider the factors 
which affect the frequency of the oscillator. 

voltaoi rhlnV 0 v * r,a r tio11 of SU PP*> voltage : When the supply 
frem.fnrv r^n ’. he fr . cc * uenc y of <he oscillator also changes. The 
supply y H 8 C3n be ovcrcomc b y using a regulated power 

tinn in JR".* V* variatio f n in Plate load : When there is any varia- 
eHminafJd Kj 0ad> lhc frcc l uenc y of oscillator changes. This can be 

II'tor Thk b «vct S,n8 - an n m P ,iflcr t0 iso,ate the Ioad from the osci - 

system is called a master oscillator power amplifier . 

elemlntl *" in . ductance and capacitance of the tank circuit 

tw Cha ° 8e 10 tem P era ture : Temperature changes affect 
a ? d ^P^'lance of the tuned circuit which 
vhanges the frequency of the oscillator. The change can be mini- 
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mised by a careful choice of the inductor and capacitor either with 
negligible temperature coefficient or with such a temperature varia¬ 
tion which is compensated for the elements. 

(iv) Due to variation in the tube elements : Due to temperature 
changes, the element of the tube contract and expand. Due to con¬ 
traction and expansion of tube elements, the interelectrode capa¬ 
cities vary. As these capacities are the part of the tuned circuit, 
the frequency of the oscillator will be affected. 

(v) Due to the antiresonant frequency of the output circuit : 
This occurs when the phase shift in the feed back circuit is not 
exactly 100°. The maximum frequency stability occurs when the 
phase shift is exactly 180 °. 

15 10. ELECTRON COUPLED OSCILLATOR : 

For an oscillator, high stability of output frequency is usually 
required. This can be achieved by the electron coupled oscillator. 
This provides the isolation between the load and tank circuit by 
using electron coupling between them. Figure 17 shows the elec¬ 
tron coupled oscillator using a triodc. 



Fig. 17. Electron coupled oscillator. 

The cathode grid, and screen constitute a triodc Hartley oscil¬ 
lator with one difference, namely, the radio frequency grounding 
of screen instead of cathode. The load is connected in the plate 
circuit. The name electron coupled oscillator is given due to the 
stream of electrons between screen grid and plate. 

As the screen grid is positive, electrons flow from cathode to 
screen grid. The oscillations are generated as already discussed. 
The frequency is determined by the values of C and L in the grid 
tank circuit. Although a small number of electrons are intercepted 
by the screen grid, even then they arc sufficient to maintain oscil¬ 
lations in the tank circuit. The remaining electrons pass through 
the screen and reach the plate and set up a voltage across the tuned 
circuit As in case of a tetrode or pentode, the plate current is 
unaffected by plate voltage, the load circuit changes have negligi¬ 
ble effect on the frequency determining grid circuit. In this way 
the improved frequency stability is obtained. 
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1511- CRYSTAL OSCILLATORS : 


Quartz crystal and its cuts : In its 
natural form a quartz crystal has a hexagonal 
cross-section and pointed ends as shown in 
the figure 18. The axis joining the two 
pointed ends of the crystal is called the 
r-axis. 

Figure 19 shows a section of the crystal 
at right angles to the z-axis. With reference 
to the figure 19, the three axes XX , X'X' and 
AT'Af" passing through the corners of the hexa¬ 
gon are known as the Af-axes or ‘Electrical 
axes*. The three axes YY, Y'Y' and Y"Y m 
which are perpendicular to the faces of the 
crystal are called the Y-axis or ‘mechanical 
axes. 



Fig. 18. Quartz crystal 
in its natural form. 



1 '8 I**. Section of quartz crystal perpendicular to Z-axii. 


The common crystal arc 
(') X cut or Curie cut, (//) 
Y-cm or 30° cut and- (///) 

The A'-cut or Curie cut 
crystal is taken out of a face 
perpendicular to Af-axis as 
shown in the fig. 20 . 



Fig. 20. Orientation of X-cut 
crystal 


S/XVZ 
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The T-cut or 60° cut crystal is taken out of a face perpendi¬ 
cular to T-axis as shown in the fig. 21. 




crystal 

X and Y cuts are not used these days because of their large 
A : Also these p ates often exhibit discon- 

tempera'ura coefficiente. Alsojnes p ^ Modern thcory 

tinuous Sbletohave a suitable cut of the crystal 

r haS S tT t ^ .,mnera?u e coefficient is zero or it is a very small 
f° r which ' h T e ' em c P" a, ^i ch are suitable for generation of fre- 
quantity. The range of 5 , kc / s t0 about 10 mc/s. arc 

jrand ! ’fl 7 -culs f Vcut crystal plate is cut from a plate rotated 

SS 4 SSWS • w .1.1. z-.«« 

mately 35‘5 degrees as shown in fig. 22 . 

When a crystal, such as quartz crystal, is subjected to media- 
• „ialone Y axis, electric charges will appear on the faces 

ont crysta pcfpcnd' ular ,0 the X-axis which is a. right angles 

fn he Y axis connected. Conversely. .1 the electrical changes are 
t0 . th , * n flat rrvst al surface by applying a voliage acroys these 
Paces ^mechanical stress is produced on other faces This property 
bv w'h^h electrical and mechanical properties are intercopnected 
Sa crystal is known as Piezo electric effect and has been utilised 
in crystal oscillator. 

rrvstal oscillator circuit : In order to make electrical con¬ 
nections to the crystal, it is usually mounted horizontally between 
. ‘ n i ates y As the crystal must vibrate to produce oscil- 

r o ns ,t must be mounted between these two plates in such a 
manner as to allow for the required amount Of mechanical vibra- 
"’on A vibrating crystal can be replaced by an equivalent clectn- 
cal circuit as shown in the fig- 23 (D). 
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The inductance L represents the mass of the crystal, the 
capacitor C the resistance or elasticity, resistance R the frictional 
losses, and the capacitor C M is the actual capacitance formed by 
the crystal electrode, with crystal itself as the dielectric. 



l-ig. 23. (a) Crystal with mounting Fig. 23. (6) Equivalent circuit, 
electrodes. 


The inductance of quartz crystal is very high depending upon 
the cut and dimensions of the unit. On the other hand, the resis¬ 
tance is rejatively low. This results in extremely high Q factors. 
The capacitance value C and Cm are low ; therefore at low.frequ¬ 
encies, the reactance of this network is high. At some definite 
frequency, the reactances of L and C will be numerically equal to 
each other. This is the series resonant frequency and corresponds 
to the natural frequency, of crystal. At some frequency higher 
than the resonant frequency, the combined effective reactance L 
and C is inductive and will be numerically equal to the reactance 
ol capacitor Cm. At this frequency the crystal circuit acts as a 
parallel resonant circuit and its impedance is maximum. The cir¬ 
culating current in the circuit CLRC M is maximum and therefore 
the crystal vibrations will be maximum. 

In a crystal oscillator, quartz crystal is put instead of resonant 

VhmJl Wh,c,, . dc ; er l mines l hc frequency of oscillation. Fig. 24 
shows a circuit of the crystal oscillator. 



Fig. 24, (,/) ( rystal oscillator. Fig. 24. (6) Equivalent electrical circuit. 

A study of equivalent circuit shows that the circuit of the 
crystal oscillator is equivalent to tuned grid-tuned plate oscillator. 
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The feed back takes place through the internal plate grid inter¬ 
electrode capacitance C SP of the tube. From the study of Miller 
effect, we know that the plate load affects the grid cathode impe¬ 
dance and if the plate ioad is inductive, the input impedance of the 
valve may have a negative resistance. The required inductive load 
is obtained with the help of LC circuit, tuned to a frequency 
slightly greater than the mechanical resonant frequency ol the 
crystal. When the value of plate tuning capacitance is increased 
in such a way that the negative resistance component of the input 
impedance acquires a sufficient value, the energy feed back to grid 
circuit increases and circuit oscillates. 

It is advantageous to use a pentode instead of a triode 
because in case of pentode a low grid voltage signal is required to 
drive it and due to this fact, the voltage across the crystal will be 
small so that very small heating of crystal takes place. As the 
value of C e is small in case of pentode, ins necessary; to> place a 
small capacitance between the plate and grid. This capacity 
provides sufficient feed back so that the sustained oscillations may 

lake place. 

15 12. RELAXATION OSCILLATORS : 

Multivibrators : Multivibrator is a device which produces 
extended voltage waveforms of almost square shape a "d also vol- 
Se pulses occurring periodically. According to one method of 
classification multivibrators may be classified as . 

free running Multivibrator : This may generate pulses 
and extended* waveforms independently without the necessity of 
any driving or external synchronizing voltage pulse. 

lb) Single shot Multivibrator : This requires one driving 
pulse for generation of each cycle of wave form. 

rcl Bistable Multivibrator : This requires two driving pulses 
one for each half cycle of the waveform. 
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as a plate coupled multivibrator, whose circuit is given in the 
fig. 25 (a), and ( b ). 



Fig. 25. ( b) Rearanged form of free running multivibrator. 

Operation : Initially let us suppose that there is no charge on 
condensers and grid of the tubes arc at zero potential. When 
plate supply voltage is switched on, the plate current flows in both 
the tubes and also the voltages across the condensers increase. If 
the two halves of the circuit are perfectly symmetrical, equal plate 
currents will flow. However, this is not always possible and there 
is a slight difference which causes a cumulative unbalance. 

Consider that the grid potential of valve V x becomes slightly 
negative, the plate current immediately falls and a positive signal 
is applied to the grid of valve V.. As a result, the current in V t 
increases and the output signal is decreased. As the signal is 
coupled to the grid of V lt the grid becomes more negative and plate 
current falls still further. This effect is cumulative—the potential 
of valve V , is driven so far negatively, almost instantaneously, that 
the current in V t is cut off. Simultaneously, V, is driven into 
maximum condition. With V x still cut-off the charge on capacitor 
( i leaks through R x and at some point the potential of the grid of 
valve V x becomes such that the tube starts conduction Due to 
conduction of valve V u a negative potential is applied to the grid 
of valve V t . A cumulative chain occurs and the valve V 2 is cut-off. 
Thus there are two unstable limiting conduction, one in which 
valve V x is cut ofl and the second in which valve V* is cut off. 

Detailed circuit operation : Let us now suppose that the grid 
potential of the first valve £ g| , becomes slightly negative. The 
anode current /,,, immediately falls, and the anode potential E Px 
rises. A charging current i. then flows through the condenser C* 
and the resistor R,. This current sets up a potential difference 
i 2 R 2 : across the resistor, which makes the grid of the second valve 
positive. The corresponding increase of anode current lowers the 
anode potential ol the second valve. Ep. ; capacitor C u connected 
between plate ol V 2 and ground in series with R u cannot hold its 
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previous charge. It discharges as shown in ligurc 26 (a). The 
timing being primarily determined by the time constant Since 
current flows down through R l% the grid of V x is driven negative 
The plate current of V t will decrease and the plate potential will 
increase. 




Fig. 26. (t/) Discharge of C 


hie- 26. (h) Charging of C, 



Fig. 26. (O Charging of C,. Fig. 26 (J) Discharging of C. 

As caoacitor C. is connected between the plate of V, and 
ground (in scries with resistor /?, the charge on capacitor C 2 
will increase. The charging path is shown in the fig. 26 (A). 

Since the grid of V. is driven positive, its plate current in¬ 
creases But this was the starting premise. In other words, the 
action is commutative (positive feed-back)and almost immediately 
K wHI be driven deep into cut-ofT, its pltate potential rising to 
r ‘l,T value. Simultaneously. V. is driven into maximum 
conduction and its plate potential falls to its minimum value. At 
hts poin" no further changes can take place and the plate poten¬ 
tials Vcmain constant for a while at these values 

With time C, discharges sufficiently (and the discharge 
current falls to a value low enough) as to bring V, just out of cut¬ 
off Plate current ! Pl begins to How. plate potential L Pl begins to 
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drop and capacitor C 2 starts to discharge, applying a negative 
voltage to the grid of V 2 . Plate current I Pi will begin to decrease, 
plate potential Ep : rises, r 

capacitor Ci begins to 
charge as shown in the 
figure 26(c). This drives 
the grid of V\ positive. 

This time the grid 
potential of the first valve 
is rising, and the avalan¬ 
che takes place in oppo¬ 
site direction until the 
second valve is biased 
beyond cut off. Exponen¬ 
tial decay of the grid pot¬ 
entials follows, and the 
cycle repeats itself inde¬ 
finitely. 

Potential waveforms : 

Potential waveforms of 
free running multivibra¬ 
tor are shown in fie. 

26 (e). 

The frequency of 
oscillations: If T, is the 
time taken by the first 
valve to recover after 
being but off and similarly 
for the second valve 


(which depends upon the 
time constant associated 
with its grid condenser), 
then approximately, 



Fig. 26 ( e ) Waveforms 


and 


The total time for full cycle 

r-r,+r t a«* 1 c l +*c t . 

of thI pe!iod UenCy ° f ' he ° UtpUt Wavc sha P e must be reciprocal 


/- 


I 


^lQ+/?sC 2 

are e^ua^t^^mnh^^K Cl an ^ and the r,sistan ces Ri and R> 
waveforms ofrh#» J l,v, brator is called symmetrical and gives the 

different fmm if 26 ^ makin £ the time constant R\C X 

different from R 2 C 2t the relative lengths of the two parts of the 
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cycle can be varied to give output waveforms ranging from square 
waves to sharp pulses. 

To obtain a more general expression for the frequency of 
multivibrator, we proceed as follows : 

Let £ w =Potential of supply source. 

£p,=Plate potential across valve V x when it is conduc¬ 
ing, 

£p,=Plate potential across valve V s when it is conduc¬ 
ing, 

£ 0 ,=Cut off value of grid potential of valve V x 
£ 01 =Cut off value of grid potential of valve V 2t 

Time during which the valve V x remains non¬ 
conducting, 

7* 3 =Timc during which the valve V, remains non¬ 
conducting. 

When first valve is cut off, the time 7*, for which it is non¬ 
conducting depend upon the product /?,C, and similarly, the time 
T% for which valve V% is non-conducting depends upon jVV The 
total time Tis the sum of these two time periods. The time T| tor 
which valve V x is non-conducting is the time required for £ f , to 
rise exponentially from -(£**-£>,) to cut off level -£ 0 ». There¬ 
fore 

-E n —(E»-E P Jc- T ' IR ' C ' 


T,~RiCt log, <Ebt r ■ — 
*-01 


...( 1 ) 


Similarly, from the equation to T t , we have 

-£ rt =(£ t4 -£p.)e- Wl 

T._=R S C : log, {E *' e ^ - -< 2 > 

Total time period T is given by 

r=r,+r.=£,c, log log ' * ' 


If the two halves are identical, /.c., 

Ep l =Ep i s =E P , 

E ol =E 0 z=Eo, 

and,/?,=£r=«. C.=C,=C, we have 

T=2RC log, 

The frequency/is given by=-y;- 


...( 3 ) 
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/= 


1 


2 RC log. 


iE b b—Ep) 


...(4) 


The expression is valid only for low frequency reception as it 
does not include stray and tube capacities. 

The choice of plate load resistance R L is important, as its 
proper choice gives optimum frequency. 

Stability. To deduce the value, consider the fractional change 
in period of system. From equation (3) we have 

RCd(EbH-E p ) 
a/ - (E bb -E„) 

dT d(E bb -E P ) /« 

and — =-7r*-cv —W/ 

/ /IT C \ lEbb — Bp) 

(Ebb-E p ) log, —- £ -- 

This expression will be minimum when the denominator is 
maximum; when this is done, we have 

Ebb-Ep-n\ E 0 . 

Thus for optimum frequency stability 

2-71 £ 0 

-»- 

•P 

where I,, is the plate current when valve is conducting. 


15 13. ELECTRON MOTION IN TIME VARYING FIELD : 


In tubes operating at microwave frequencies, the time of 
transit of an electron between two electrodes in the tube may be 
relatively large in comparison with the period of electric oscilla¬ 
tions. It is interesting to study the motion of electrons through 
the field when a large transit time is involved. 


For an example, let us investigate 
the motion of electrons in the time 
varying field of a parallel plate diode 
in which the current is temperature 
limited. In the diode shown in the 
figure 27, the instantaneous potential 
difference between cathode and plate 
is assumed to have a direct component 
Vq and an alternating component V, 
sin cot. Then 

v = F 0 -f V x sin ojt ...(1) 

Since the space charge density is 
negligible, the electric intensity in the 
diode space is given by 



Fig. 27. Parallel plate diode 
with d. c. and a. c. 
applied potentials. 


£ = __Lo-f- V i sin ott 

d d ~~ 


...( 2 ) 
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Hence, force experienced by (he electrons 


7 (? 9 4-K, sin cot). 

a 


...(3) 


If m is (he mass of the electron and is its acceleration. 

d 2 x 

then the expression for force is equal to m so that 


K,sin a,,) - 

at- a 


It may <•> 


COS tot -fC|. 


...(5) 


where C x is the integration constant. 

Suppose the electron leaves the cathode with velocity at 

the instant t 0 , r V \ 

r ‘ = h[ K ' t -" COSo,,a r c " 

[ V\ 1 e 
Voto-- cos co/„ In¬ 
putting this value in equation (2), wc get 

§-a[ v.'-? « ]+'*-»[ J 

cos u,t-Voto+^ COS co/e j + t> 0 
_ £_[ y — (cos «o/—cos iot(f) +t>„ .. (6) 

w</|_ ° w J 

Again integrating with respect to /, we get 

* T y lizlill 2 ——sin to/—/ cos to/ 0 ) ] + ty+Ci -.(7) 

° 2 coU /J 

At the instant *=0, / = /o. 

() = .£_[ o-^ sin co/ 0 -/« cos co/o) + M 0 + G, 

<o \ / J 

C 2 = JL[r(± sin to/ 0 —/o cos co/ojj—Mo. 

Putting in equation (7), 

*=,4[ ^(^sin wl—icos ) ] 4 -V 


+ sin co/„—/o cos to/ojJ + Mo 

T i/ sin to/- / cos to/ 0 - - sin co/ 0 

= wL 0 2 CO \co 

+ / 0 cos co/ 0 J — '•)• 


+ / 0 COS to / 0 
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Putting t—t 0 =T, the transit time of the electron to move 
from the cathode to a distance x and let wt 0 =<l>, phase angle of 
alternating potential: then 

i =A+ r 0 s+c ’ 

where C "TT 

B=cos <f> (cof—sin co/)-f-sin <f> (I—cos a it). 

1514. ULTRA-HIGH FREQUENCY EFFECTS IN CONVEN¬ 
TIONAL TUBES: 

It is an experimentally observed fact that conventional tubes 
do not operate favourably and efficiently at high frequencies. In 
case of amplifier gain decreases ; input impedance and the maxi¬ 
mum impedance that can be realised in the plate circuit also 
decrease. When valves operate as oscillators, even output decreases; 
they become less efficient and output obtained is limited by both 
plate dissipation and grid dissipation at ultra-high frequencies. 
The above effects in conventional tubes enter due to the following 
detrimental limitations : 

1. Circuit reactance limitations. 

2 . Circuit and tube-loss limitations. 

3. Electron transit time limitation. 


1514-1. CIRCUIT-REACTANCE LIMITATIONS : 

The electrode leads have got small finite inductance and two 
electrodes in combination form an 
effective capacitor. At moderate fre¬ 
quency, the reactance offered by lead 
inductances and interelectrode capacities 
is small, but at the ultra-high frequency 
region the values of lead inductances and 
inter-electrode capacitances becomes 
large and therefore the tube offers an 
appreciable reactance at ultra-high 
frequency region. The situation is shown 
in figure 28. Because of the appreciable 
magnitude of the lead inductances, the 
voltages applied across the external 
terminals do not appear across the elec- Fig. 28. Reactive elements 
™ C ‘- . j cat hode lead indue- associated with triode tube. 

2 thi m S >< li 1 k CS i a fecd back throu ? h the 8 r, ’d Circuit. The effect 
given by f Cd * baCk >S that 11 modifies the in P ul admittance as 

, Tin=ywC fr (I — ujL c g m ) ..-(I) 

nhv^raU-! l c C mutual conductance and other quantities bear the 
physical significance as shown in fig. 28. The first term of input 
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admittance is normal capacitive susceptance of the tube and second 
part represents the conductive component of the input admittance 
and has got the value 

gin = U*L c Ccsgm- 

It means that in effect a resistive component is shunted across 
the input terminals. The magnitude of this resistance is propor¬ 
tional to the square of the frequency. The resistance consumes 
power, which increases as the square of the frequency for a given 
driving voltage and hence reduce the amplifying capacities of the 
circuit. At sufficiently high frequency this makes the gain ot 
amplifier less than unity and oscillator output falls to zero. 

The ioterelectrode capacity is appreciable at high frequency 
and it determines the plate load resistance. The plaie-Ioad resis¬ 
tance fixes the gain and power output of the tube. The equivalent 
shunt resistance of a parallel resonant circuit is 


or 



..(3) 

...(4) 


where Q is equivalent series re-istance. C is LJn.'.^rcv P *Fo? 
determining the resonance and is the resonant ^ et J“'. y n . 
operation at given resonant frequency the shunt '* 

increased by decreasing the capacity and increasing bc|ow 

to maintain the same resonant frequency. Th 
which capacity cannot be decreased. At the■ m electrode 

external capacity equal to zero and can minimise the n cr * * 
capacity. So the conclusion is that larger is the >"ter electrode 
caoacitv smaller will be the shunt resistance that can be realised. 
He P nce power output decreases as the load resistance increases or 
as the square of the fiequcncy when frequency increases. 

The gain band-width product of an amplifier is given by 


ABF-^p 


...(5) 


Hence the gain-band-width changes inversely as the inter- 

electrode capacity. . , . , f 

The tube resistance also influence operation at high frequences 
in that they form significant portion of the tuned circuit, le. at 
ultra-high frequencies part of the resonant circuit lies inside the 
Tube Thus lead inductances and intcr-elcctrode capacitances limit 
he actual operation of the tube. Even if the tube resistance docs 
not give risc^to resonance, it may mismatch the generator and the 

l° a d. u 

The above adverse effects arc minimised by making the tube 
small which reduces inductances and inter-electrode capacities and 
™kinc tube structure such that electrode leads arc incorporated 
Tn?o external concentric line resonators. Individually, lead indue- 
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tances are reduced by making lead small in the length and of large 
diameter, and capacities are reduced by projecting the leads 
widely separated outside the tube. 


15 14-2. CIRCUIT AND TUBE LOSS LIMITATIONS: 


The power loss associated with the tube and circuit increases 
with the frequency. The associated resistance (due to skin effect) 
and losses increase as the square root of frequencies. Dielectric 
and hysteresis losses increase as the first power of the frequency. 
The radiation loss increases as the square of the frequency. These 
deterimental effects are lessened as follows : 

(/) Resistance losses are reduced by increasing the current 
carrying surface area. 

(//) Dielectric losses are lessened by proper positioning of 
glass with respect to the points of low electric field. 

0(0 Radiation losses are reduced by enclosing the tube and 
circuits or by using concentric line construction. 


15 14-3. ELECTRON-TRANSIT TIME LIMITATION : 

In all tube applications, a finite time is required for electrons 
to traverse the space between two electrodes because of finite 
electron mass. The time taken by an electron in going from one 
electrode to other is known as transit time and it is of the order 
of 10“ 8 to 10 _, ° seconds. Its exact value depends on electrode 
separation and impressed voltage. For the frequencies below 
10 mc/s, it is neglected because it is less than the period of signal 
cycle. At high frequencies, the transit time becomes comparable 
or even greater than the period of signal cycle. At this stage a 
phase lag is introduced between current carried by the electrons and 
potential that determines the current. This phase lag affects the 
operation of the tube adversely. 

Transit time calculation : To calculate the transit time between 
two electrodes, we must know the velocity of electrons between 
these electrodes or the potential distribution between them. To do 
tnis, following assumptions arc made : 

fy. ,T.^ e citrons are emitted from the cathode almost with 
neglected* 1 VC 0C,ly and hcncc P otc ntial minimum near cathode is 

y c V yhe rc ThC er ' d acls ,ike an ec l u 'Pc»tential surface of the potential 


..(I) 


Vc ~( v * + t)' 

cation factor of the'valve?*’ ^ an ° de P ° tCn,ial and h the amP ' ifi ' 
tia \"y behaves like the anode of a diode with poten 
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The last assumption yields for following potential distribution 

r - r -(iT 

where V is potential at a distance * trom the cathode and x ct is 
the distance between cathode and grid. 

Now if the valve is working as an amplifier, then grid 
potential is given by 

V S =E C + Vi sin w/, —W 

where E c is bias voltage. 

The attraction of the signal are amplified by' the valve and 
appear in the anode potential. Thus both the terms Q- ( ) 
vary with time. It means that potential distnbutioBi and hcrefor 
velocity between cathode and grid vary with time. In radio 
frequency amplifier 

Vi <\E C \- "V 

Therefore the effective potential in the grid plane may be 
taken^asconsmnt as C fer as i.s P effects -n grid potennaj arc con¬ 
cerned. The potential and veloc.ty arc then functions of distance 

and not of the time. 

Now V'=( £■.+')' - (5) 

where V„ is the quiescent value of anode potential. 

The velocity of the electron at any point of potential V is 
given by 

° . .• » - i %0 \ tl«M •* • * S \ 

( 6 ) 


Hence time taken by the electron to go from cathode to grid 
is given by 


[to dx [*<9 dx 

i: 


T"= 


M v ) 
#) 


dx^ 

x J/3 


...(7) 


Now to calculate the transit time between grid and anode, we 
assume that potentials ofelectrodes do not vary with time and the 
Potential distribution between the grid and anode is linear It is 
fustified when valve is not working near cut-off Under such situa¬ 
tions the electron is accelerated by constant electric field. The 
average velocity of electron is given by 
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~ 2 ...( 8 ) 
where v g is the velocity with which electron crosses the grid plane 
and v p is velocity with which it strikes the anode plane. Hence the 
transit time between grid and anode is given by 


j, _ Ecp—Xeg 

" *(«,+«>) 

The velocities of electron at the grid and anode are 

V r , 


’■-M) 


.(9) 


...( 10 ) 


The following values are typical for a voltage amplifying valve 
x eg *0-05 cm., x ep ~0-l5 cms., £ f =-l volt. 

V p =200 volts, fi=50, 

^-= l*76x 10 8 coulombs./gm. 

For these valves, we have 


v*=l-03x 10 8 cms./sec. 
200 


v p — 8-3 8 x 10 8 cms./s ec.. 


V, -H 


50 


= 3 volts. 


Hence T 


and 


3x 5x 10~ 2 
\/(2x l'76x 10 8 x 3) 

io- 1 


l*5x 10" 9 seconds 


...(H) 


ftp 


21 x 10“ 10 second. ...(12) 


i (103 + 8-38) 10 8 

Thus we see that electrons go much quickly from grid to 
anode than cathode to the grid. 

Transit time effect : 

A high input admittance results at ultra-high frequencies due 

o transit time effect. Jf the tube is working as an amplifier or as 

an oscillator, at moderate frequencies, electrons flow from cathode 

to anode during the positive half cycle of the grid potential. The 

electrons are accelerated by the field of a.c. grid potential in cath- 

pv ,f ld re £ l0n and retarted in grid anode region. Therefore net 

w C n^^"M e . 0fenere y whcr ? tran sit time efTectsare negligible, bet- 

this and fieId is zcro * Hcncc input conductance due to 

tms effect is also zero. 

Wh a fL U ^ hi L h frcc l uencies > the transit angle is relatively large. 
electrons P r^K l ,k at a i* C * gr,d P° lential reverses its phase before the 
accelerated P al u' As a consequence of this, electrons are 

Under these rn°H> Cath u de ‘ er,d reg,on and grid-anode region. 
KHd notent ^.1 ?^ d ,0nS *)? erc ,s a nct transfer of energy from the 
g P tial source to the electrons. This increases the input 
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conductance. The magnitude of input admittance and input con¬ 
ductance is given by 

Yin=k 1 g nt fT, ...(13) 

(jin=k 2 g m f 2 T 2 , ...(14) 

where k t and k> are proportionality constants and Tis the quantity 
proportional to the transit time. The magnitudes of Ym and G, n 
increase with the frequency. 

We now consider the energy transfer with respect to a.c. plate 
potential. Normally, the electron should flow through the grid 
plate region during the regarding phase of a.c. anode potential so 
that energy is transferred by the electrons to the field, i.e., to the 
load impedance. However, at high frequency, a.c. anode potential 
reverses its phase before the electrons reach at the anode. Thus 

energy is extracted from a c. plate potential during a portion of 

cycle. This decreases the power output and efficiency. Tnus the 
electron transit time decreases power output efficiency of the tube 
and increases input conductance of valve as well as the capacity 
between cathode and grid. The last two in turn again hamper 
the tube operation. 

An expression for input conductance : Consider two plane 
electrodes, one donor and the other acceptor of electrons Let the 
potential difference applied between the two be £ Then as an 
electron Hies from one electrode to the other, l( ' nduccs ct lf r8 ', on 
both of them. The magnitude of the induced charge oin theelec¬ 
trode to be approached increases, while on the other d « cre ases 
This means that due to the electronic charge How instantaneously 
changing induced charges of opposite nature appears on two 
electrodes These induced charges result in generating a pulse of 
etc.r?c cu^rem the duration of the pulse is equal to the ..me taken 
by electrons to reach from one electrode to the other, i.e., transit 

r K 

s- on jt * ba,,cry is Thc % 

done eV is equivalent to flow of charge by battery given by e (^J, 

with the result that the acceptor electrode acquires a positive charge 

e (— ) • Thc donor plane is left with an image charge +e due to 

emission -e charge from it ; hence reduction of charge on it is 

e IV ] • These changes in charges on two electrodes arc due to 

changes in induced charge. The change in induced charge is 
die to changes in electrostatic lines of force due to flow of e. The 
charge starts at the instant of emission and finishes at the instant 
of reaching the acceptor electrode, i.e., a current pulse flows for 
ibis duration due to induction effects. 
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Fig. 29 (a) Fig. 29. (b) 

(a) Charges of lines of force due to passage of charge between two electrodes 
and appearance of charging induced charges. 

If now acceptor plane is replaced by grid, a mesh work of 
wire, the pulse direction will change as soon as the electronic 
charge has passed it, i.e., a current will flow in one direction when 
the electrons are reaching it and in the other direction when re¬ 
ceding from it. Usual transit time is of the order of 10" 9 sec. If 
the time period of the signal applied is greater than 10 -9 sec, the 
r.f. pulse produced by induction cancel each other. The necessary 
condition is that the potential of the grid should remain constant 
during this time i.e., for the time of passage of electron from the 
plate. The changes in such pulse current are shown graphically 
where T x and T z are the transit time the from cathode to the grid 
and grid to anode respectively. Total transit time is (7i+7t). 
For complete cancellation, the upper and lower halves should be 
identical. 

For frequencies upto 10 mc./s. the cancellation is almost com¬ 
plete. But above these frequencies, the flow of current through 
the grid is sufficient and decreases the input impedance seriously. 
Input conductance is approximately given by 

tnr.+jr,*), 

where g„, is the mutual conductance of the valve. North has shown 
that 


1 g m oj 2 Tr 

-g-— —j-Q— approximately. 

Let the signal voltage be V=V 0 sin wi. The current induced 
oy electrons approaching the grid 


uV 

sin w (/— Ti)=g m V 0 sin w (/ — Ti), 


? f Dd rp> arc lhe am Pl*fication factor and internal resistance 
or the valve respectively. 
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(t — T x ) shows the time for which current pulse flows ; / 2 , the 
current induced in the grid by receding electrons is 

L=-gmVo sin o> (f-r 1 -7' t ), 
negative sign is for reversed current. 

Net grid current is therefore 
I,=I,+I t =g m [V 0 sin (r-r,)- v a sin (t-T.-T*)] 
or I,=2 gm y 0 cos « [r-fT.+ir.)] sin j«r t . 

The product u>T t or wT t is very small even at high frequencies, 
so that I t -2g m V*> (r,+*7i). lo-T. approximately. 

or ^ =gn,a>'- (TiTt+hTt*) approximately. 

Only resistive component has been taken into account. 

Thus p-=input conductance =g«,u> s (r,Tj+J7i a ). 

For gl-SmA/V, (T.+T,)-10- sec (Ti— Tth 
1*. = 5x 10mhos. 

For a frequency of 10* cycles/sec the value of input conduc¬ 
tance is sufficiently high and undesirable. 


1515. POSITIVE GRID OSCILLATOR : 

drcmt° te Tffis'frequency^epends on the spac.ngJand { po.en,ials of 
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the electrodes of the tube and on the constants of the external cir¬ 
cuit used. The positive grid oscillator consists of a parallel plane 
cylindrical element triode tube with the grid at a positive d.c. 
potential with respect to its cathode and plate as shown in the 
figure 30 and 31. 


If Si& a/t 

- 





Ct£Cn?/C4L 0SC/LLATSO/VS //VGW 


I 

I _ I i 


*WW\ j 


Fig. 31. 

In Barkhausen Kurz oscillator a load is a connected between 
anode and cathode. At high frequencies, the load is in the form 
of short circuited transmission line. Normally, it is represented 
by an LC circuit. A high tension bypass condenser is also used to 
connect alternating quantities to earth from the grid (not shown 
in the fig.). In the fig. 31, an alternating arrangement is shown in 
which load is connected between grid and other electrode. 

Principle : 

In the absence of load impedance, there is only accelerating 
field between cathode and grid, and anode and grid. Therefore, 
whenever an electron approaches the grid, it is accelerated by the 
d.c. applied potential. The electron which has been already acce¬ 
lerated in cathode grid region enters into grid-plate region where 
it is decelerated. It comes momentarily at rest somewhere near 
the plate and then starts travelling towards the grid plane and is 
accelerated. The electron again faces deceleration in grid cathode 
region, comes at rest near the cathode and reverses its direction of 
travel. Thus the electrons continues to oscillate back and forth 
round the grid plane. In the presence of load impedance, the osci¬ 
llating space induces an alternating component of current in the 
external circuit. The resulting voltage drop across the load impe¬ 
dance establishes an alternating field in the inter-electrode space of 
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the tube. The electrons could oscillate about the grid plane in 
such a fashion that it is retarded by this field and hence transfer a 
part of energy to the external circuit of the tube during each cycle 
of electron oscillation. This transfer of energy maintains sustained 
oscillations at the output. 

Mechanism of oscillations : 


In Barkhausen Kurz oscillator, the measured period of oscilla¬ 
tion is of the order of the transit time and, therefore, it is assumed 
that time of vibration of electron about the grid plane is equal to 
the period of electrical oscillation (fig. 30). To understand the 
transfer of energy, we divide the alternating potential in two 
halves namely, positive half when anode is positive with respect 
10 cathode, and negative half when anode is negative with respect 
to cathode. Thus in the positive half cycle, the poten ml difference 
between cathode and anode increases the accelerating held 
strength and decreases the retarding field strength and reverse is 
the case in negative half cycle. Thus an electron wh.ee is emitted 
a the begming of positive half cycle, gams more energy m 
cathode -rid region than it loses in grid anode region. The 
electron is left with some residual energy and therefore this 
electron strikes the anode and dissipates its energy there in the 
form of heat. 

The electron which is emitted from the cathode at the start of 
negative half cycle covers the cathode-grid region in weakend fie d 
and Iwrefore gains less kinetic energy than it would require to 
cove the grid-plate region because there it faces much strengthen 
ik d The consequence is that electron comes at res somc- 
wl cp- near the cathode for a moment and then reverses Us d.rec- 
on of travel. By the time the polarity of electnc field changes, 
" anode becomes positive with respect to cathode and so the 
He'Jtmn is again accelerated by a weakened held and retarded in 
grid cathode region by a strengthen field. Thus the c ectron comes 
a rest near the cathode and again starts repeating the process of 
hack ind fourth journey. It should be noted that after completing 
a cvcle of oscillation electron comes at rest nearer and nearer to 
the grid plane, because each time it is accelerated by a lesser 
mount of potential than its predeotssors. Hence the mo ion of 
the electron is somewhat analogous to damped pendulum as 
shown in fig. (30). Finally the vibrating electron strikes the grid 
wires and dissipates its residual kinetic energy in the form of heat 
The residual kinetic energy corresponds to the potential though! 
las less accelerated and it is very much less than the initial 
kinetic energy gained by the electron from the d.c. source. 

It is seen that electron emitted from the cathode at the start 
„r m-nativc half cycle faces stronger retarding field than the 
accelerating field in each cycle and hence it delivers energy to 
the external circuit, while the electron which is emitted at the 
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start of positive half cycle gains energy from the field. But the 
latter electron strikes the plate in its first excursion, hence there 
is net energy delivered to the load by the former electron ana 
oscillations are sustained. The difference of energy drawn from 
the d c. source and power dissipated in the form of heat both at 
the grid and plate gives us the power generated in the form of 
electrical oscillations. 

When the load is connected in the grid circuit of fig. 31: 

In this case frequency of the current induced is doubled, i e. 
transit time of the electron between the grid and cathode or anode 
is equal to half of the period of electrical oscillations. In this case, 
we call the half cycle as positive when the grid is positive with 
respect to grid potential V 0 and negative when the grid is negative 
with respect to grid potential V 0 . In order to consider the main¬ 
tenance of oscillations in the load, we consider the behaviour of 
electrons in the valve when the potential across the load is alter¬ 
nating through half cycles. 

Consider two cases of the electron which leave the cathode at 
the start of a positive half cycle. When the electron moves from 
cathode to grid it experiences the accelerating field which is 
stronger than the average, and hence the electron passes through 
the grid with more kinetic energy than corresponding to the mean 
grid potential. Thus the electron gains more kinetic energy bet¬ 
ween cathode and grid. In the following negative half cycle, the 
electron travels towards the anode with a weakened retarding field. 
Due to this weakened retarding field, it loses less kinetic energy 
and therefore strikes the plate, and dissipates its residual kinetic 
energy as heat. 

Now consider the case of the electron which leaves the 
cathode at the start of a negative half cycle. Between cathode and 
grid it is accelerated by the weakened electric field and thus gains 
less kinetic energy. Now on the following positive half cycle bet¬ 
ween grid and plate it is retarded by a strengthened field, it thus 
loses its whole energy acquired between cathode and grid, and 
therefore fails to reach the plate At the instant, the electron 
comes to rest, the varying grid potential starts on the negative 
half cycle and the field which draws the electron back to the grid 
is weaker than the average. It thus gains less kinetic energy. Now 
on the following positive half cycle, it is retarded by a strength¬ 
ened field between grid and cathode and therefore loses its all 
acquired kinetic energy. Thus the electron is alternately accele¬ 
rated by a weakened field, and retarded by a strengthened field, 
and it oscillates about a grid plane with a decreasing amplitude. 
As the electron does so, it induces currents in the grid circuit 
which delivers energy to load. Finally the electron strikes the 
grid. 

The electrons which leave the cathode at the positive half 
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cycle pass only once through the tube and draws energy from the 
load, while the electrons leaving the cathode at a negative half 
cycle strikes the grid after making several vibrations, inducing 
current in the grid circuit which delivers energy to the lead. On 
an average, the electrons give energy to the load, and so they 
maintain continuous oscillations 

Analysis. In order to derive the expression for frequency, we 

assume two things : „ 

(/) space charge density is small, so that it does not affect the 
electric field distribution in the interelectrode space, 

(//) distances are measured from the grid. 

The potential difference between grid and plate is 

V=Vq+V x sin wf. —0) 

The motion of an electron in time varying field is given by 
(according to article 1513) 


l=„4 : * + c. 

K-~ e ^ 


A 2 * 


C= 


...( 2 ) 

o)T 


where 2 ~ K ' 

B— cos (o)t— sin tuf)+sin </> (1 —cos w/), 

K is negative in our present case, because the terminals of battery 

are changed. electron completes one half cycle of 

oscillation 0 and S rewrns h U) the grid while the alternating potential 
completes one full cycle, f.e. r.=f where r, is the time period 

of electron oscillation. 

«« .ho Aiprfron leaves the grid plane x=0 when w/=U 
with a e n initial velocity t„ and returns to the grid plane when 

o)T = 2 tt . 

Putting these values in equation, we get 

{(w 7 '—sin ujT) cos ^+(l-cos wT) sin 

al the instan/at which the electron returns to the grid plane by 
setting x=0 and <uT=2n, we 

0= T + F {2 " cos ^ +0}+1 ^ " 


V, 


Vain 


=2^+ f ‘ 2 it cos *+*— 
r 0 

V\ , v 0 

0=-+F.cos^ x iU- 
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«L=*K>U£ C osA 

oj md a 2 \ V o / 

<»=—£ C0S *\ 
m dv o \ V 0 / 


...(3) 


Period of electron oscillation is 

2 47r, 


T-l = 

Tl f u)/2tt 


OJ 


4nniv 0 d 


...(4) 


eV 0 |w+ pr cos 

The above equation shows that period of electron oscillation 
depends upon the initial phase angle <£ (at the grid plane). Since 
the electrons cross the grid plane at various values of <£, the period 
of electron oscillation is different for various electrons and it 
depends upon their initial phase. The period of electron osculation 
also depends upon its velocity at the grid plane. The electron 
which vibrates about the grid plane so as to impart energy to the 
load, gets its velocity reduced in successive cycle of vibration and 
hence its period of oscillation. Thus every electron gives rise to a 
situation of electron oscillation of varying frequencies. The fre¬ 
quency of electrical oscillation is determined by the composite 
effects of all such electrons. 

The velocity v„ in equation (4) is determined largely by the 
d.c. potential ; hence we may assume that 

...(5) 


Then 


imv^=eV 0 , Vo=J( 2 ^). 

s/l 


4nmd 


2eV € 

m 


) 


eV c 


(w+gco.*) 

4ndW(2m) 


...( 6 ) 


V(ef'o) (»+£cos*) 

Now the value of a.c. field is very small in comparison with 

Y 

d.c. field, so that the term 77 cos (j> is negligible. Thus 


r, 


W V(2 m) _ d _ 4\/(2m) 


VWi V(K.) Ve 

Putting the values of m and e, 

r,= 1-35x10-* \ seconds. 

Frequency of electrical oscillation is 


...(7) 
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~ (8) 

Wavelength of the electrical oscillation will be 
c cd d 




= 2020 


A= J-m*w W3" V(^o) .- 

where c is the velocity of light. 

For V o =200 volts and d= 2 mm. we find that 

/%1050 megacycles. •••W 

When load is connected between plate and cathode, then 


meters, 


/= 0 74x 10 s cycles/sec. 


...( 10 ) 


= 525 mega cycles for above mentioned values. 

The above derivation is based on the assumption that fre- 
ouenev of electrical oscillations depends only on the geometry and 
^ of the valve. This is known as Barkhausen 

Kunt criterion of oscillation. Later on. Gill and Morel! observed 
, h o a ls arc more pronounced when external circuit ,s 

resonant than when it is not resonant (other working conditions 
re s onanc tnan Thc sl jght mistunmg in externa! circuit 

fhanncs Gm Morel! condition to Barkhausen-Kurz conditions The 
changes when lt j s understood that the amplitude 

nfnotential developed across the load is small when load is nonre- 
f P t nnH if is appreciable when load is resonant. Therefore, the 
sonant and s PP forces the electron vibration 

potential developed tn^ the toHe^jii^. jons ef , he |oad and hcncc 

pronouneed'effect'under Gill-Morel, conditions. 

Practical aspects in positive grid oscillator : 

... in anilvsis it is assumed that there is space-charge near 
u * h imbeurrent is temperature limited. But there is space- 
thc grid and jren Jj' electron towards the grid plane. It 

■"fhfresult of experience that the efficiency of the oscillator is 

' S th when the current is at the verge of two limits. 

maX ' .. Sjncc j, j S not desirable to have space-charge limited 

nr ox dccoated cathode are not used but tungsten filament 

ClK rounded by grid and anode is used. 

^ (Hi) In a cylindrical valve the potential distribution is not 

. ‘en when space-charge is absent. It is due to the large 

umform e n ^ ^ n( £ e an d caIhode Thjs makes lransl( „ me of 

an electron less in grid cathode region than in the grid-anode 

reg'on. ^ been djscllsscd particularly when load is connected 
. „ rid and other electrodes, that transit times in two regions 

should be equal. But it is not the case due to asymmetrical distri¬ 
bution of potential above the grid plane. A negative anode equa- 
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lises the two transit times and hence increases the efficiency of the 
oscillator. 

(v) Positive grid oscillators are inefficient because a large 
number of electrons strike the grid plane in their first excursion 
and dissipate their energy in the form of heat. This warrants heavy 
grids capable of dissipating quantity of heat. 

(v/) Since the period of electrical oscillations is determined 
by potential of high tension supply, a carefully regulated power 
supply is used. 

(v/i) The power output is also due to the fact that most 
electrons do not oscillate in favourable phase, and due to the 
tendency of electrons to shift from a favourable phase to unfavour¬ 
able phase as they continue to oscillate. 

1516. KLYSTRON OSCILLATOR : 

Several types of tubes have been developed in which the elec* 
trons are initially accelerated to a high velocity by a d.c. held 
before they enter the retarding a.c. field. The electrons then have a 
relatively high velocity as they travel through the a.c. field ; hence 
the electron transit angle is greatly reduced. The double resonator 
klystron and the reflex klystron are examples of such tubes. 

Double Resonator Klystron : 

Figure 32 shows the working part of a klystron. It consists of 
(/) oxide coated cathode, (//) a control grid, (ill) two metallic 
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(a) Cross section of a two (b) Two cavity klystron without 

cavity klystron. vacuum envelope. 

Fig. 32. 

resonators, and (iv) collector anode. The resonator nearest to the 
cathode is known as buncher or input resonator and the second 
resonator is the catcher or output resonator. The input signal is 
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applied to one of the resonators and the amplified signal is obtained 
from the other. If a portion of the output signal is returned to the 
input, the tube work as an oscillator. 

In klystron, the cathode is a part of an electron gun structure 
for which the accelerating grid, the two resonators, and the collec¬ 
tor electrode form the anode. Due to an accelerating voltage 
applied to the grid, electrons travel along the axis of the tube, some 
electrons are intercepted by each of the five grids and remaining 
reach the collector electrode. The input gap is analogous to the 
cathode grid space of a triode valve. With the help of flexible 
diaphragms and a tuning mechanism (not shown in figure), the 
resonant frequency is controlled by the adjustment of the gap 
spacing. The collector electrode is given some positive potential 
to collect even slowest electrons that emerge from the cathode 
grids. 

The input signal applied to the input gap cause an electric 

field in this gap which brings a variation or modulation of the 
electron beam In case of a triode valve the electronic beam is 

density modulated because when the grid is positive, a dense beam 

of electron flows from cathode to plate while few electrons (or 
none) traverse when the grid is negative. The beam is velocity 
"nodulated in case of klystron. The principle ol velocity modula¬ 
tion is shown in figure 33 (a). 




I rt i signal V\ sin wt ne appneu ociwcui mt «wu 
9 and grid 3 denoted as (7 2 and (7 3 and grid system is at a high 
noshive potential. For the first half cycle for which grid C 3 is 
p ° ,with respect to G,. the electrons emerge from the grid 
fvstem with an increased velocity i.e. accelerated, while for the 
m-xt half cycle of the signal, the electrons are decelerated. The 
electric field in the input gap affects only the velocity of the 
electrons and thus they are velocity modulated. 

The advantage of velocity modulation is that the electrons are 
accelerated before they reach in the input gap and due to this fact 
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the transit time is very short even though the gap has the appre¬ 
ciable width. The disadvantage of velocity modulation is that it 
cannot deliver pulses of current to the tuned circuit at its resonant 
frequency, i.e. t it is not usable for production of output power. 
The difficulty is removed with the help of field free drift space, 
where the velocity modulated beam is converted into density 
modulated beam. 

In the field free space between buncher and catcher grids, the 
high velocity electrons overtake the low velocity electrons which 
left the buncher grids at an earlier phase. The results in a bunch¬ 
ing of the electrons as they drift towards the catcher resonator. 
The bunching process is shown by the Applegate diagram of 
fig. 34. The figure shows the electron displacement as a function, 
of time for electrons leaving the buncher at different phases of 
buncher voltage. 



C&ite' )f 
cotter reso n atc r 


Dr if* u 
toot? | 

• 

*> 

C3 

. Center of 
buncher resonator 


u >1 — 



Pig 34. Diagram representing electron bundling. 

Each line in the diagram has a slope proportional to the 
velocity of the electron whose progress it represents. At the 
bottom, the parallel lines represent electrons arriving at the buncher 
with a velocity v 0 . The electrons emerge from the buncher with 
velocities greater or less than v 0 , according to the direction of the 
electrostatic field between the grids, and the lines representing 
hem become more or less steep. Where any two lines intersect, 
two electrons come together; the electrons are therefore bunched 
in the neighbourhood of the line representing centre of catcher 
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resonator. In order to induce the maximum current in the output 
cavity of klystron, the ouiput cavity should be placed in a region 
where maximum bunching takes place. 

When the bunch of the electrons passes through the output 
cavity it induces a.c. which flows through the external circuit of 

■u »nd therefore the field transfers energy from 

with resp l |s If the natural frequency of the resonator 

resonator to the electrons. proccss thcn the density of 

,s equal to the frequency minimum for maximum 

electrons between grids 0,^0. J field . The nct 

acce erating f !*' d * nd r is delivered to the output cavity. The 
result is that the net powe with [C duced velocity and 

electrons emerge Itam the catener g ^ * sma)| signa | app | icd 

finally terminate at th is amplified and system works as a 

across the buncher reson t (tm encrgy is fed back from catcher 

klystron amplifier, if a P e and n0 input s j gna | IS applied 

to buncher throughc svorks as an oscillator and 

[shown in fig- 33 (/'II. '"c r 

sustained oscillations are produced. 

I- maintaining small transit time for both input 

The reason for rna.nw' 8 fo||ows . Thc appreciable input 
and output gaps ol klys.ro amoun , of velocity modulation 

gap transit lime redu lhe gap while the appreciable 

ssars ro- »">• 

by a given beam current. 

Phase Relationships : 

Maximum bunching t £ 

unchanged velocity ca h js jn |urn caughl up by the electron 

electron of “ nc *“ n £ h lhe ccn , re of the bunch centres round the 
of fastest velocity- . j( Th j s electron leaves thc buncher 

electron of unc ^^when batching voltage is zero, i.e changing 

system at he' ™ leralion _ if we ignore, for the moment. 

from introduced by the drift space, then bunching cads 

,hc phase shift intr .» ss The phase lag introduced 

in' the drff* space is* A and bunching lags.he bunching voltage 

by the amount 


/ UjS 1* \ 


P s stsss £22 



642 


Hand Book of Electronics 


as that of catcher voltage. It means negative maximum of catcher 
voltage coincides with maximum of bunching. Thus catcher voltage 
lags bunching by rr. The whole of the situation is shown m the 
fig. (35). 



Fig. 35. Phase relationships between bunching voltage, bunching and 
catcher voltage. 

Now if klystron is working as an oscillator, a phase ^ is 
introduced by the feed back cable. Hence the total phase lag at 
the input of the klystron becomes 

wS v 

— — ~+w + p. 

Vo 2 

For regeneration, the total phase lag introduced should be an 
integral multiple of 2w, i.e. feed back should be in phase with the 
input. Now the feed-back cable is so designed as to make <t> cither 
equal to zero or an integral multiple of 2n. Hence total phase lag 
is written as 


with 


(J)S 7 T 

- + 0 = 2777 ! 

l» 0 2 

o>S 

a = 


or a=2nn— 


v 0 

Analysis : The analysis of the klystron is based on the follov 
ing simplifying assumptions : 

(a) Space charge effects are ignored. 

(b) The alternating voltage between buncher grids is assume 
to be small in comparison with d.c. accelerating voltage. 

(c) The electron transit angles through the buncher an 
catcher grids arc assumed to be negligible. 

(d) All the electrons which leave the cathode are assumed t 
pass through the catcher grids. 
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( e) The electron beam is assumed to have uniform density 
in the cross-section of the beam. 



Fig. 36. Working parts of Klystron. 

Assume that the electrons leave the cathode with zero velocity. 
They are accelerated to an initial velocity e, by the d c fic ' d ^ r ° re 
they enter the bunchcr grids The kinetic energy and the velocity 
of the electrons entering the bunchcr is gi\en by 

...d) 

^nnnnse the two crids of the buncher resonator are at the 
the instant/j. 

After emerging from the buncher grids, the velocity of the 
electron is given by 

} mV| »«e(K 9 +l'i sin <*/,), 


I mvf^eVa. ,-J( 2 ~°) 


WBM ,+ ^ sin 


oil, IJ' 


til = Co 


( 2 ) 


The expression shows that the velocities 
buncher grids are sinusoidal, the frequency and phase bang the 

same as that of bunching voltage. - 

The time T required for the electron to travel the distance 5 
in the field free space between buncher and catcher grid 

r= £ : _ 5 __ ...< 3 ) 

Using the number alternating v^tage as the time reference 
,he electron arrives at the catcher grids at time+ The 

corresponding phase angle is given by 
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<ot 2 =oj[t x -\- T), 

(0t« = Uit\-\- OJ •- 


sin wt 2 


r 


- 1/2 


H 

= wl, + —( 1 +y- sin wt, \ 

<J)t % — U)ti+(t | 1 — ^ sin cotl 


...(4) 


where 


a= 


coS 


This equation shows that an electron started from the buncher 
at a phase angle wt x will come at the catcher at a phase angle <ot 2 . 

Power output and efficiency : To determine an expression for 
power output and efficiency, we assume that the buncher and 
catcher voltages are in time phase and, therefore, the catcher 
voltage will be represented by V 2 sin wt. During an electrons 
transit through the catcher grids, the electron gives up an amount 
of energy — eV 2 sin <ot 2 . The negative sign signifies energy 
transfer from the electron to the field : 

\V=—eV 2 sin <ot 2 , 

W= —eV 2 sin 11 — ■—£- sin <ut x ^J* •••(0 
For all electron entering the buncher grids during a complete 

cycle, re., between wt x =0 and wl x =2n y we obtain the average 

energy per electron transferred to the catcher resonator as 

i [-"■=■•* w d(wti) 

2tt J u r x =0 

- *-&- r $in [ u,,,+a s,n )]^ 


W. 


average - 


Solving the integral, we have 

^average = —Sin (X, 


...(3) 


where 


x = 


2V 0 


and /i(x) is Bessel’s function of first kind and first order. 

Now let us consider the power relationship. Let N electrons 
be emitted from cathode per second ; so the direct current emitted 
by the cathode is I 0 =Ne. ...(4) 

Power output = -NeV 2 J x (x) sin a 

= — I 0 V ‘2 J\{x) sin a. 


...( 5 ) 
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Power supplied by d.c. potential source is 

P*=hVv 

_ . Power output V z 

Hence efficiency >7= Power SU pp| ied '= — V 0 J,{x) S ' D '" (6) 

The graph plotted between different values of at as a function 
of Ji(x) is of the form shown in fig. 37. 



Fig 37. Graph between x and /,(*). 

Requirements of maximum output and maximum efficiency : 
From equation (6), we write for maximum efficiency that 

(/) the value of£ should be maximum. 

(//) J,(x) should be maximum. For *-«•«. y,(x)=0'58. 

IE where " in any posi,ive 

‘“‘Tv)* t power output /. and Vt should bem«imum. 

For sustained oscillations sin «=-l and hence 
Power output = / 0 ^2 AW 
Efficiency = y AW- 

If £= 1 the maximum theoretical efficiency would be 58%. 

eleCtr F 0 u n r.he“he criterion —2—-/2 is always satisfied. It yields 
?i= 2 "n-»l 2 or 2^ =(2 ”" _ ’ ,/2) * 

v ° -zr 

v m uj*S z _ 

V °~ le (2 nn—nfl)* 

=0 284X 10— ( 2jrJ ,“f„72r) - (7) 

„ liaf inn shows that there are multiplicity of values of d.c. 

accelerating 0 potential which will yield max.mum power output. 


or 
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one for each integral values of/i. The n=l corresponds to highest 
value of d.c. accelerating potential and this is the reason that n is 
never kept equal to one. In other words it means that time ot 
flight of electron through the drift space is generally more tnan 
one period of oscillations. 

aV ' ...( 8 ) 


Now 


X ~ 2V 0 


Jfx) is maximum when x=l m 84, hence 


l-84=2~- (2*n-W2) or 


V x 


368 


V 0 2mr—nl2 * ^ ^ 

For each value of n t there is an optimum value of K,/K 0 which 
gives maximum power output. It is also clear from equation (7) 
and equation (9) that as n increases both V 0 and the ratio k,/k 0 
decrease. The results are justified on the grounds that when n is 
high V 0 is small and r 0 is aho small and consequently electron 
takes large time in travelling the drift space and therefore requires 
less bunching voltage. 

In klystron operation it is maintained that electron bunching 
takes place at catcher resonator. But it is also possible that electron 
several times bunch and debunch before reaching the catcher. 
This is shown in fig. (34) by several maxima and minima, at-=Io 4 
corresponds to single bunching and debunching. 


Double resonator klystron in practice : 

The output of the klystron furnishes sustained oscillations 
when feed back from output to input circuit is correct in phase 
and sufficient in degree, it is also required that two circuits are 
fully tuned. The degree of feed back is fixed by the size, position 
and orientation of loops at the feed back cable. The correct 
phasing is done by adjusting the field. 

Klystron furnishes power output of the order of a fraction of 
watt to several hundred watts at frequencies of the order ot 
thousand megacycles. The practical efficiency of double resonator 
klystron is much below its theoretical efficiency (58%) It is due to 
space charge effects causing debunching of electrons, collisions ot 
electrons with grids, secondary emission at the grids, power 
consumed in bunching process, transit angle delay of electron in 
their passage through buncher and catcher systems and losses in 
resonators. 


The frequency stability of electrical oscillations is a function 
of temperature of resonators and stability of supply voltage. As 
the resonator walls arc metallic, their thermal coefficient of expan¬ 
sion is quite large. This makes the frequency of oscillations 
unstable. The thermal expansion in tuning mechanism is counter¬ 
acted by expansion of resonator walls by proper choice of material. 
Carefully regulated power supply is used to stabilise the frequency 
of oscillations. 
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1517. THE REFLEX KLYSTRON : 

Fig. 38 shows the reflex klystron in which a single resonator 
acts both as buncher and catcher. After leaving the cathode and 

passing through the resonator grids, the electrons approach a p ate 

called the reflector, which has a negative potential with respect to 

Sc cathode The reflector electrode is ordinarily concave towards 
me cainouc. . a f OCUS sing effect which directs the 

of the klystron. 


*e f lector ElojcTrode 
Resonator grids 


Evacuated -L -\—~ 

Resonator 


Control 

Zlvlrodt 

Cathode 



F ig. 38. Reflex klystron. 

. transient oscillation, it modulates the 
If the resonator mak ' s ,? j ts grid for the first time. The 

velocity of the electrons a hey^ e morc dcep , v Ihan do the 

fast electrons penetrate the o j( Therc forc they may return 

sk£ 

buncling-The°Apple^g;am.ft? s^ce^.me 

in reflex klystron, is parabola. On their return journey, 

curve for each clcc ? ,he alternating field between 

the electron bulge* girding phase and thus energy « 
the resonator grids d fcj ^ ^ |CSOnalor alternating field, 
transferred from' lhe be obtained by merely adjusting the 

accelerating S2 reflector voltages. The frequency may be varied 
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readily by changing the spacing between the girds of the resonator 
by means of suitable mechanism. 



Fig. 3‘). Distancc-timc diagram or reflex klystron oscillator. 

Comparison between the mechanism in double resonator klys¬ 
tron and reflex klystron : 

1. In double resonator klystron all electrons travel same 
distance within the drift space and therefore for bunching process 
centre of the bunch lies at the zero of the bunching voltage when 
it changes from retardation to acceleration. In reflex klystron, 
the electrons with high velocity penetrate deep into the reflecting 
space and that is why the centre of bunch lies at the zero of the 
bunching potential when it changes from acceleration to decelera¬ 
tion. 

2. In reflex klystron bunched electrons travel through the 

resonator grids in opposite direction to the direction of travel of 
bunched electrons in double resonator klystron. Therefore there is 
phase difference of tt between the resonator voltage of the reflex 
klystron and catcher voltage of double resonator klystron at the 
time when energy is extracted from the electron. - 

3. In double resonator klystron bunching takes place in field 
tree space and it is known as drift space bunching. In reflex 
klystron bunching takes place in the space in which field exists 
and it is known as reflector bunching. 

4. The reflex klystron uses single resonator and therefore 
tuning mechanism and other adjustments are very simple. 

Analysis of the reflex klystron : The analysis of reflex klystron 
is based on the same assumptions as adopted for the double reso¬ 
nator klystron. 
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Fig. 40 shows the poten- /=0 
tials of various electrodes to ~~ ] 
the reflex klystron while ^ 
oscillating. The cathode is —5 
at zero potential and a.c. 
potential difference V x sin 
oit is assumed to exist bet¬ 
ween the grids. The poten¬ 
tials of grid (1) and grid (2) 
with respect to cathode 
assumed to be V 0 and 
(V Q +V X sin o>t) respectively. 

Referring to the figure, 
we find that the electron 
enter grid ( 1 ) with a velocity 


Vo 

I, 


V t +V, SxnvC v 

r* 




vfe 
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Fig. 40. Diagram for the analysis of 
the reflex klystron. 

...( 1 ) 


and on the second grid, 

\mv x '=e(Vo+Vi sin a>f). 

)■ : >2> 

,tn “ ,or ‘ 

Hence „« «*h» -i - » »*" ta " * 

and hence ne«Iected rthen,^ 

V/i — Vq / i \ 

electrical intensity £= $ 

Force experienced by an electron a, a distance AT from the 
second grid ^ 

' E ~ m dT 

From equations (3) and (4), 


m 


djx_ ^ eE= tLZifZ-l 


dr- 






or <//* mS 

Integrating, we get 


= 4 (K«-K.)l+'C l 

dt mb 


Applying the boundary conditions. «>., on grid (2). electron 
leaves with velocity when /-fi. 

‘ C <rr 1/ k/> \ 


C 1 = v 1 -^( y R- V °) (*>)* 
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then (Pjr—Po) '••(Q 

Integrating again, 

X=^ Vr -K) ( -^^-+Vif+C 2 . 
when Af=0, t=t\. 

0 =^(K*-F o ) ( l^il: + « 1 r 1+ c„ or c t =-v,r,. 

<1^1...(7) 

The electron is decelerated as it approaches the negative 
reflector electrode, reverses its direction of travel, and starts back 
towards the resonator grids. Let t 2 represent the return arrival 
time of the electron, we may write equation (7) for the instant ot 
arrival by substituting t=t 2 and Af=0, 

0 -*£s {V *- Vo) + 1 ' 1 

a"-* 


h-h 


2 mSv, 


e (Vr-V 0 ) 

( 1+ f 1 sin ) 


1/2 


...( 8 ) 


The phase angle of the departure of the electron, with respect 
to buncher voltage, is a >t x and the phase angle of the arrival is 
wt % . Multiplying equation (8) by a>. 


, , 2mSiov 0 I , , V x . 

( !+pr sin wh ) 

C ( V~ S ' n wtl )' —W 


o>t,=wti+a ( 14 - 


wherc 


a = — 


2mSu)U. 


e iVR-V t ) 

Power output and efficiency : The energy transferred by the 
electron is 


W=—eVi sin <ot 2 


= -eV l sin £ w/,-{-a'^ 1 + 


V x 


2K 


sin a)fi 


)] 


where 


*'= 


-eV.f (.x') sin a', 
a'K, 

~ ~2ir> J A X ') represents the Bessel function. 
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Suppose N electrons are emitted from the cathode per sec.; so 
that the direct current from the cathode will be 


I t =Ne . , 

Power output=— NeV\J\ (* ) s,n a 

— 

Power supplied by d.c. potential source P Q -J 0 r 0 - 

power output_ Vi , (x ^ s j n • 

Efficiency rj= - y Q 1 

• • 


...( 10 ) 

...(ID 


Referring ...» “*^“"0" 

sarww ssr srr- ■ • - is ■» 

positive integer. It means that 

-2w5u^ =2n „_ » 
e (Kr—K.) 2 

K 0 ( 2^-lir)»_L ...(12) 

(Kit-Po) 8mS! “’ 5 


or 


ie^-E r ^ output* and**efficiency may 

* e wr ’‘ Uen ** 2K 0 / 0 x-y 1 (x') ...(13) 

power output— 2«/i— 

2 x7, (x’)_ . ...(14) 

efficiency =- 2 ^rpT 

The above equations show theoStor 

output and efficiency increase. ^ poor for small values of n. 

under variable load cond frequency of the oscillator is 

If a large value of * is used the ^ treq^ £ Vr u is found that 

changed by large amoun h t e f valll c of n between I to 5 is preferred, 
for stable performance th 

with n = 3 most ad\an g , he product x Jl ( x ‘) is maxi- 

The efficiency is maxim um efficiency and maximum 

mum. The conditions. for usly satisfied because output 
power output cannot be s d roa ximum bunching \mltage 

voltage is also a bunching . »» a |he efficiency. There- 

produces broad bunches thcreby^^ ^ power oulpu , and 
fore, a compromise 

efficiency. rtrMira , efficiency of reflex klystron lies 

Th °" Eh “ 6 “ l0 ” 

the advantages of having 
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(/) single resonator, 

(//) simplicity and adjustment, and 
(ill) compactness. 

1518. MAGNETRON : 

Valves in which the electrons move in a magnetic field, as well 
as in the electric field between the anode and cathode, are called 
magnetrons. Usually the electric and magnetic fields are perpen¬ 
dicular, and the arrangement is known as plane magnetron. 
Cylindrical structures are commonly employed. A cylindrical 
magnetron consists of a cylindrical anode along the axis of which 
is located the filament. 

A high d.c. potential is applied between cathode and anode, 
setting up a radial electric field. An axial magnetic field is provided 
by either permanent magnet or an electromagnet. 



(fl) No magnetic field (ft) Weak field, 

(c) Critical field. (</) Strong field. 

Fig. 41. Effect of magnetic-field on electron motion. 


When no magnetic field is applied, the electrons will travel 
from cathode to anode in radial lines. With a weak magnetic field, 
the electrons are subjected to a deflecting force acting at right 
angles both to the magnetic field and to the direction of motion of 
the electrons at any instant and since a moving electron is just 
like a current carrying conductor, a deflecting force, which is at 
right angles to the direction of movement of the electron must 
produce circular motion. For this reason electrons travel in circu¬ 
lar arc between the anode and cathode, the radius of curvature of 
which decreases with the increase in magnetic field strength. For 
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anode. This value of magnetic 
field strength is known as the 
cut-off value. If the magnetic 
field strength exceeds the cut-ott 
value the curvature of the electron 
path is such that the electrons 
miss the anode and spiral back 
to the cathode. 

If we plot a graph between 
anode current and strength ot 
magnetic field, it is of the shape 

shown in figure 41(e). Fic 41 (e) Cut-off characteristics. 

“” dC b£ 

be radius of cathode. Furl cr * magnetic force on the 

If F is the electrostatic then 

electron ejected from the surface of thee 

c" 

F - dr 

. F=c dF and 

If the ««.»-;! £ 

pendicular'tt^'lhe radius sector r. then 

the components of/wi ' Bec 

Let ftafi’ angular ve'oci.y-d 
^ h ra a d n iU a S r J.r;.i f ne m the azimuthal 
plane, so that 


10 


( J0.=S! since v ,- r-r. 
dt r 


The equation of motion becomes 

* • 

{ 



...d) 


Fig 42 Illustrating the theory 
of cylindrical magnetron. 


dt\ dl I . azimuthal plane is obtained by 

e^rg^momr/on^ impressed force to the rate of change 
of angular momentum, i.e. 
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r f»=J t or rBe Yt = lt ( mr%a} )- 

Integrating, we get 

| Ber dr =J d (/wr 2 a>), Be ^-=mr 2 oj+C. 

To find the value of C, we note that o>=0 at the moment the 
electron leaves cathode, when r=r*. 

^ Ber* 




...( 2 ) 

% / 

If we ignore the small velocities with which the electrons leave 
the cathode, then the velocity v of an electron, at a point where 
the potential is V , is given by 

"jm 

When the current is just cut off, the electron is grazing the 
anode, and wc have 

V~V mt „,=<), 


'—jm 


So 


h „ "-'f -hM r -) •< 3 » 

it B e be cut-off value (critical value) of magnetic field, then 


°'U '-SK-HI4' 


* Fi' 


...(4) 


, Equation (4) shows that the value of B c is independent of the 
p ntial distribution so that the presence of any other electrode 

. fP ace ch arge between the cathode and anode should not 
affect the cut-off conditions. 

Magnetron as a high frequency oscillator : Usually two types 
magnetrons, depending upon construction, are used : 

Split anode magnetron. 

(//) Cavity magnetron. 

* « discuss the operation of both these types of magne¬ 

trons in brief as follows : 

(A) Split anode magnetron : In this type of magnetron the 
anode is split in two segments, each being at the same positive 
potential t b with respect to cathode. Across these two anodes.. 
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255? 5-Si SSSt " F2&S-&& “ 



Fig. 43. Split anode magnetron circuit. 

both the segments. As /“hTetKtro^atlc'Sd 'ris« steeply 

pared to r a , the anode rad . becomes almost constant 

just beyond the cathode surfacear ^ Jhe e|cclrons flow from 

over the remaining distance bined efTect of electrostatic 

filament to the anode under th ^ density has about twice 
and magnetic fields The m of# lransicn t potential difference 
the critical value. The ex potential of one anode seg 

across the tank circu.t will™ * amounts. The resulting 

ment and lower that of the other oy^<^ved |jnes m space bct 

distortion is shown by the cont^ ^ 44 (/A , t appears that 

the space'bVS?he electro^ ^^'hSgh-porcmiar^gioS invades 

sttssswiS'-* 




^ . pi e 44. (b) Electron leaving cathode 

in 44 (a) Electrons leaving cat o on low-potential side. 

on high potential s< «• . leaving the cathode 

’ SSS - U..C in — 
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path which carries it out of that region. On entering low poten¬ 
tial region, electron travels more slowly and its path has a smaller 
radius. Thus when it returns to high potential region and the 
radius of its path increases again, its penetration becomes smaller. 
The combined effect of magnetic and electrostatic fields on elec¬ 
tron, in its each revolution, is to deflect it from high potential to 
low potential region and thus ultimately it strikes the low poten¬ 
tial segment of the anode. 

The behaviour of an electron leaving the cathode on the low 
potential side is shown in fig. 44 (6). The electron after swinging 
round into both potential regions ultimately strikes the low poten¬ 
tial anode segment. Thus we conclude that wheh the flux density 
in a magnetron is greater than cut-off value, and a potential differ¬ 
ence is applied between the anode segments, an electron current 
flows to the segment at the lower potential. 

With a change in the polarity of the transient potential, the 
upper segment will become of lower potential and now the elec¬ 
trons will strike the upper segment. Each anode thus delivers 
energy to the tank circuit during alternate half cycles in the same 
manner as happens in push-pull arrangement, if we plot volt- 
ampere characteristic of such a valve, we find that in the vicinity 
of out-off the characteristic gives a negative slope similar to 
dynatron. The property of its static characteristic can be utilized 
to produce oscillations in the tuned circuit. 

There are three popular modes of operation of the split anode 
magnetron as described below : 

(i) Negative resistance or Dynatron mode : Near the cut-off 
point, the volt-ampere characteristic gives a negative slope just as 
in the case of dynatron and therefore it is operated at this point. 
The tank circuit governs the frequency of such oscillations. The 
negative resistance of the valve in the dynatron region is a property 
of its static characteristic and is therefore independent of the fre¬ 
quency at which it is used. 

At very high frequencies, the time taken by an electron to 
cross the space between the electrodes connected to the oscillatory 
circuit is comparable with the period of oscillation. Under this 
condition the dynatron action fails and the ratio of electron transit 
time r to the period of oscillation T is the factor which determines 
tne etiiciency of the oscillator. For a ratio equal to or greater than 
0 - 20 . oscillation ceases. 

Magnetron is more efficient than a secondary emission dyna- 
potent!ai aUSe CUrrCnl flows in P u,ses to each segment having a low 

Transit Time Mode : A magnetron can maintain oscil¬ 
lations above its dynatron limits provided the external circuit is 
tuned to frequency which depends upon the size and working con¬ 
ditions of the valve. Oscillations take place when magnetic flux 
density is slightly greater than its critical value and the measured 
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wavelengths suggest that the period of oscil'at on is equaMo he 
time taken by an electron to go from the cathode towards tne 
anode, and back to the cathode For thecalculation of ' h ' s *'“f • 
we assume that both segments of the anode are at 'hesame poten 

having a magnitude 

-j£*) 

The path of electron are therefore circles of rad.us r-m/eB 




2 nr 


2 nm 
eB 


and their period of revolution is 

Now we imagine the ex, *‘ e " ce ^dV'aspositiw ancTnegative 
tuned circuit and the “events J - (he P , ank circui t (ignoring 

according to instantaneous P ^ -j-hcn an electron cro- 
the steady anode potential i««P bc accelerated if segment A, 

ssing gap g between the segmen vi'i |f(he e | ectron ,s accele- 

is positive and retarded iMi 'sP increases and it strikes the 
rated at the gap the ra d' us ° f , ! S . ?*j h jf the electron is retarded ihe 
segment A-., while on the other I a. ^ hc either segment, 

radius of its path decreases and ‘ f * ‘ t ^^, d ^ 

An electron which is accelerate > (he Iank circuit and 

induces a current which takes ? dissipates its kinetic energy 
when strikes with positive segment it diss.p 

35 hCat ' • . rated at the gap loses kinetic energy 

An electron wh'ch 's retard tl g (hc |ank C1 , As 

and induces current which deli'c sen gy (hc calho dc on 

a result of losing kinetic cncrg ^* ar ds the anode once more. If, 
its return journey and it turns to ^ the tank circuit 

when the electron aPP roachc \ l ,Kr n the electron is again retarded 
has oscillated through one ‘peated. Thus in successive 

at the gap, and the whole P r ® ccss . and approaches anode 

cycles, the electron loses its ki somewhere between anode 

less closely and finally H C0I | " CS |arl (Q move towards the more 
and cathode. Since:it wouldI now »« ons of lank circuit there- 

positive segment and damp the . from (hc spac e between 

fore this electron must be rem 

electrodes. energy from electrons which 

The external circuit gams moreen ^ clrons which arc acccle- 
are retarded at the gap, than i rc f orc maintain oscillations in 

rated at the gap. The valve can 'hcrclo^ scgmcn[s The energy 
the tuned circuit connected across tcnsjon supp|y through the 

of oscillations comes from the 

kinetic energy of retarding electron 
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(iii) Resonance Mode : The transition from dynatron to 
transit time oscillation occurs over a frequency range in which the 
period of oscillation is several times the electron’s time of revolu¬ 
tion. If the magnetic flux density is made greater than the value 
in the dynatron mode, powerful oscillations can be maintained 
within this frequency range. The frequency of these oscillations 
depends upon flux density B and mean anode potential Eb and 
their wavelngth obey the empirical relation 

, r*B 

A oc—g- 

The mechanism for maintaining the oscillations is that the 
half period of oscillation should be an integral multiple of the time 
of revolution of an electron in the valve. The action is similar to 
that in the dynatron mode. 

Resonance oscillation have been assigned to depend upon the 
production of a form of negative resistance in which the electrons 
may have made several spiral orbits within the valve, being 
deflected in the same direction by succesive anode segments before 
eventually striking on an anode segment at a low instantaneous 
potential. If any such process is occurring, it can be easily under¬ 
stood that the frequency of strongly sustained oscillation is ultima¬ 
tely connected with the period of oscillation of a single electron. 

The required condition for the sustained oscillations in the 
resonance mode is that electron should complete whole number of 
orbits between successive gaps during an interval of time corres¬ 
ponding to only half the periodic time of the generated oscillation. 

(B) Cavity Magnetrons : All magnetrons possess in 
common a cathode, an anode and an output coupling device. 


Couf>Liny Loop 

for drotviny 


Anoc/e Co 


Anod i 
Pole 



Interaction 
Spaa 

Fig. 45. Hole and slot type multicavity magnetron. 

nHf^ m Th a S °. h?Ve tUnin8systcm » mode suppressors and end 
EiuiL J i ? U,l,cav,ly ma gnetron exists in various forms, e.g.. 

efra! f 0 ty ? e> ^ lot ,ype ’ vane rising sun type. The 
structural form of cavity (magnetron hole and slot type) is shown 
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in figure 45. This consists of cylindrical cathode surrounded by 
an anode structure that possesses cavities opening into the cathode 
anode or interaction space by means of slots. Output power is 

withdrawn by means of a coupling loop. The multicavity magnc- 
trons are put in metallic house. Glass is used at the points where 
high voltage leads come out of the enclosure. 

Resonant Properties of Multicavity Magnetron : The anode 
cavitXTgetber'with spaces a. the top and the bottom, o. the 
anode block constitute the rcso- 
nant system of the oscillator. 

There is a capacity across each 
gap in parallel with the induc¬ 
tance formed by the inner surface 
of the circular hole. The anode 
cathode arrangement o! figure - 
is expected to have the equivalent 
circuit shown in figure 46. me 

capacity C, represents the capa¬ 
city between a pole face and the 
cathode. The capacity C, repre¬ 
sents the capacity between two 
adjacent pole laces. The induc- 

tance L, is 'I 1 * r cfrcuiThole. The above equivalent circuit is poor 
,nncr surface of ci uit mutua | inductance between adjacent 

as we have ig" ore ° . ? cujt be developed by upwrapping the 

giveS » i" «• ™* » “ 



Fig. 46. Approximate equivalent 
circuit of fig. 45. 


c, 

HH 

-—* 

•'ootflT'- 

ji_ 

_ II _ 

-HI— 

Hr 

—Ir - 

II 



Fig 47. Developed form of the equivalent circuit of the magnetron. 

f.itrr Such type of filter will have a pass band in 
be a low pass filter. . substantially zero and in which there is a 
which the attenuatio increases uniformly from zero at 

phase shift per sectio section a^ cut-ofT. The standing 

zero frequency w circular arrangement when the total phase 
es will ex' is'any integral multiple of 2rr. The two 

Sh ' ft “^foua ampli ude and travelling in opposite directions wil' 
Tmia? resonTn't field. This happen when 
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2 wr 
N ' 

where p represents phase shift per section in radians, n is mode 
number, i.e. number of cycles in a travelling wave around the 
cathode, and N represents number of pole faces. 

When n=N/ 2, the value of 0 is tt which means that phase 
shift per section is n radians and the field reverses at adjacent gap. 
This mode of multicavity magnetron is generally used and is 
known as n mode. 

This phase shift function of the circuit of figure 47 can be 
evaluated by applying Campbell’s formula. In this passband this 
has the form 

cos ^ =,+ ^’ 

where Zi=total series impedance per section, 

Z a =total shunt impedance per section. 

Li 1C, 


In this case Z x 


which reduces to Z x 


yW,i + 


1 


JvCt 


j'ujLi 


l-o> 2 /wi 2 ’ 

where is the angular resonant frequency of the parallel L\C X 

combination equal to — 7 -— in magnitude. 

V(mCi) 

The shunt impedance is given by 

z ‘ = >c7 

Putting the value of Z, and Z 2 in the expression for cos j 8 , we 


have 


cos 0=1 — 


which gives 


1 -cuVoi!* 
1 


C 2 


2C,[,-=„ S (?=L)] 


+ l 


where co is now the angular resonant frequency corresponding to a 
given value of n and N. 

The resonant frequencies for the assumed circuit will have the 
form as shown in fig. 48. 

figure shows that the frequency of the ir mode is not very 
different from the next resonant frequency. The situation is un¬ 
suitable when frequency separation is small. 
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For a precise analysis the mutual inductance between adjacent 
slots should be accounted. 



Fig. 48* Resonant frequencies 
of the circuit of fig 47. 


Fig. 49. Representation of ring 
strapping. 


a method of strapp "8 ' s y Each ,j ng j s connected to alter- 

rings are run around.the: P c P nncc(cd |0 aM , he odd-numbered 
natc pole tips, one ring b o num bcred pole-lips. In the - 
pole tips. and 'l’, 6 ,. a ternate poles arc I SO’out of time phase with 
mode of «*® na "“v* C he straps will be ISO’degrees out of phase 

each other. As a result, tnc p , he stlaps will be 

with each othcr. aod thus t^ ca^cuy ^ ^ equjva|cn( c rcult . 
added m parallel with the cap y ^ mode Bctause of sym - 

This lowers the ^onant frequency| ^ jn $traps „ the resonant 
metcry and phasing nocurr * mode , the phase shift between 

frequency of the rrmod^h andso currcnt wl || flow m he 

adjacent poles is not ISO *l t morc jnduclancc ln parallel 

straps, the effect of whicl' ^ (he frcqucn cy of the adjacent 
with the inductances and U d and indu ctanccs thus corn- 

resonances of slots Both >nc P ' (jon bctwcen , h e * mode 

binCt ° Ire f rcaucncy ml* t he ^adjacent frequency, 
resonance frequency of the anode system : One way 

Control of resonant qey of the ano de system is to 

of controlling the resona ^ y avity to one of the anode 

couple a i u u nablc t ^cicmt reactance is coupled into the magnetron 
cavit'ysysTcm which m ° difi « ‘he resonant frequency by a moderate 

^Another way consists in^cmployin^a^C n^s jhown in 

figure SO. Tl "'ron S and P thcrcby lowers the rcsonant frequency ol 
the aP mod™ aS by an «nount depending upon position of C ring. 
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Mechanism by which the oscillations are generated : The nature 
of the field associated with the cavities is such that the alternating 
magnetic flux lines pass through the cavities parallel to the cathode 
axis, while alternating electric fields are confined largely to the 
slots and the interaction space region where the cavities open, 
and lie in planes perpendicular to the axis of the cathode. 


TuningAings 

St rafts S' X Anod ^ 




Cathode 

Fig. 50. C ring arrangement. 


To understand the mechanism by which electrons impart 
energy to the r.f. fields in the cavities, we assume in the first ins¬ 
tant that there is no r. f. field present and there exists an axial 
magnetic field of intensity B (directed into the page) and an electric 
field of intensity E (directed radially outward). Under above men¬ 
tioned conditions the electron moving in clockwise direction is 
acted upon by following forces : 

(/) a centrifugal force equal to — . where v is linear tangen¬ 
tial velocity of the electron in its circular path, r is radius of the 
path in which it revolves and m is the mass of the electron. 

(//') a radial outward force equal to cE , where e is the electro¬ 
nic charge. 

(Hi) a third force equal to Bev directed radially inward and 
arises as the moving electron constitutes a current. 

It is evident that third force opposes the first two forces. If 
magnetic field intensity B is chosen such that an electron revolves 
undisturbed round the cathode for a given intensity of electric field 
and linear velocity, then we have 

Bev=eE+” v l, 

r 

which is a condition of balance of radial forces. 


...( 1 ) 
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Now we assume the anode cavities are excited by some r.f. 
source and this produces an instantaneous r.f. field distribution in 
the interaction space between cathode and anode. Let at any time 
electron arrives at point beneath the anode gap when r.f. field is 
at its peak value and in the direction ot electron velocity. I nc 
consequency of this situation is that electron imparts energy to the 
radio frequency field, and if now velocity of electron and frequency 
of r.f. field are co-ordinated, the electron will impact energy to he 
cavity while passing through each successive gap. I hus a circling 
electron continually gives energy to the held. 

It appears at the first sight that synchronism between clcctron 

from the interaction spaec. Thus " - . cncrgy f(0m direct 

In the ab0 ^ ““'i^i^te'cSth°o r de m wUh ,r c 0 o n r’rcct angular 

! pS ,! x sw* atuRs si 

practice the electrons are "^Kns'take energy from the 

velocity. Further there are many ^ thc )icUJ Thus, on the 

averse! electrons wil.'^ar, no energy to the field if their motion 

" n °i,Has'been discussed that in the absence ofr^ficld and in 
thc presence of magnetic '“• ld C pj cyc loidal path. But in thc 

,h '* '''‘■ r ' r ‘ ,n ^'electron does not describe an epicydoidal 


presence of r.f. .« eW - 1 *^^ , di uSil force of r.f. fie 
path because it is under a ec i cclrons into groups, 
effect of r.f. field is to bunch of osc j||a(ions ana numoer 01 

of groups ^^Hruaurc of magnetron. In an eight cavity 
cavities used in anode s , .h C electrons are bunched in four 
magnetroni oscillating in n CJ|l ’ ho< j c with uniform velocity Thus 
groups and roi la « c J 0 “'nJgnctic field, direct electrostatic held and 

the combined effect of ni g e arrangC mcnt revolving round 

r.f. field is to 'how" in fig. 5. (a). 

the cat 10 c. formation of bunching we recall that there 

T ° U ^/.rons d which leave the cathode at thc times and posi- 
are some electrons wmen field and there is equal 

*£3 *SL ^of^?oV^hTa n v 6 c the cathode a, the times and 
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positions that they face a retarding field. The accelerating electrons 
extract energy from the field and thereby gain speed. The gain in 
speed results in an increase in the magnetic field force which forces 
them back towards the cathode. Thus such electrons are removed 
from the interaction space after small radial excursion and no 
more energy is extracted from the field. The decelerating electrons 
impart energy to the field and loses velocity. The loss in velocity 




( b) Cathode 

and phase focussing effect in 


magnetron. 


results in the decrease of magnetic field force and electrostatic 
field find opportunity to urge them towards anode. The process 
makes the electrons move in orbits of larger radius and compen¬ 
sate the loss of velocity. Thus the synchronism between velocity 
of electrons and r.f. field is maintained. As the electrons leave the 
interaction space at the anode after few cycles, other electrons 
enter into the space and thus bunching is preserved. 

It is seen that electrons that find themselves in accelerating 
field arc quickly removed from the interaction space and extract 
energy from the field for every short time, while those which face 
decelerating field remain for a long time in the space and transfer 
energy to field. This lesser amount of energy is extracted from 
the r.f. field, then the energy transferred to r.f. field from direct 
field by electrons and oscillations are sustained. The electrons 
that are not included in space-charge cloud strike the cathode with 
considerable velocity on their return journey. The energy is 
dissipated in the form of heat. Therefore, care is always taken to 
prevent damage to the cathode through overheating. 

As shown in fig. 51 (a) the spoke like arrangement of electrons 
revolves round the cathode in synchronism with r.f. field in a 
phase that enables the bunch to cross the gap when across it there 
exists maximum decelerating field. The actual motion of electrons 
is like that shown by heavy line within the bunch. 

The phase focussing effect of r.f. field preserves the electron 
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*a\ In this way bunch is preserved. 

The performance of magnetron depends upon . 

(а) strength of magnetic held. 

(б) anode voltage, and 

mance as a function of load con huomt tor a 6 ^ frcquency 

and magnetic field s.rength. t has beeo |oad impedance . 
of oscillations is quite sensitive to cna t 


in which 


a beam of 
Due 


1519. TRAVELLING WAVE TUBE : 

The travelling wave |“ bc h ' S “" h T section of waveguide. Due 
electron is projected axiaMy hroug ^ ^ axja| component 
to the interaction between lhi elecu^ (hrough thc wave guide, 
of electric field of wave B.. p ? 8 ave ||j n g wave tube is particularly 

SSS3- - - -* ■ ‘"°" n 
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from spreading and to guide it through the centre of helix, an axial 
magnetic focussing field, as shown in figure, is used. Electrons that 
move parallel to the magnetic field are not affected whi'e those 
having a component of motion across the field experience a torque 
which tends to force them to move in the direction of magnetic 
field. The signal to be amplified is impressed upon the helix at 
the input end of the tube and takes the form of a wave travelling 
along the helix. The interaction of the electron stream and travel¬ 
ling wave results is an amplification of the signal as it progresses 
along the helix. The amplified signal is removed from the output 
of the tube. The helix exhibits the property that the waves tend 
to follow, with the velocity of light, the wire with which it is 
wound. The waves produce a longitudinal component of the 
electric field on the axis of the helix, propagated axially with 
reduced velocity. Thus the helix may be considered as a wave¬ 
guide in which slow waves are propagated. If the length of wire 
in helix is n times as long as the helix, the velocity of travelling 
wave is approximately v=c/n y where c is the velocity of light. The 
electrons enter the helix with a velocity slightly greater than that 
of the travelling wave and tend to become bunched as they travel 
the helix. Those electrons which are retarded by a.c. field of 
travelling wave slow down, while those accelerated by a.c. field 
speed up and overtake the slower one. Thus electron bunching 
takes place. Now the energy transfer takes place from electrons 
to travelling wave and thereby building up the amplitude of the 
waves. The travelling wave tube can also serve as an oscillator if 
a portion of the output is fed back into the input. The tube may 
oscillate if reflections due to impedance mismatch occur at the 
output coupling causing a backward travelling wave which carries 
energy back to the input. 

In order to prevent oscillation generated in a travelling wave 
tube, it is necessary to prevent internal feedback arising from 
reflections due to slight impedance mismatch at the terminals. This 
is done by introducing the attenuator at some place moderately 
near the input end of the tube. 

Mechanism of operation : As the electrons arc continuously 
injected into the held some of them arc accelerated, while other 
are decelerated. When the tube is operated under appropriate con- 
ditions more electrons are decelerated than have been accelerated 
and hence net energy is delivered to the wave. The mechanism of 
energy conversion by which electrons deliver energy to the signal 
can be under-stood from figure 53 . 

Consider a group of electrons near the input end in the vicinity 
of e as shown in figure 53 (///) a. Let the initial electric field be 
zero at tins point and is negative towards the output end. The elec¬ 
tron located exactly at e is unaffected by the signal of the helix as 
there is no axial electric field. However, electron e n just right to e 
encounters a decelerated field. This electron shows down and tends 
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to be overtaken by the electron e. In a similar way, the electron e 
usttoTftof, encounters positive axia. fiel^ Th^ ^on, 
accelerated and tends to catch up the electron c. The electrons 
centred about e are thus velocity modulated. 


O/STANCE ALONG HEUX 


INPUT ENO 

i 


^=7 



OUTPUT 

END 


^ ( i) WO/y/OUAL WAVES ON HELIX 




i/J PESULTANT WAVES ON HELIX 




e'ce 



m 


( 6 ) 




QJj'J elECTHON O/STPIQUT/ON 

Showing .he electron bunch in a .ravelling wave. 


Whe^ihe vciociiy^o^J^ 1 ®^ '| ec ^°^ 0X yp V ^n r flg. C 53^(/(7) n l>! 
distance, they begin to bunch aw duccs a sccon d wave on 
The bunch of dcctrons ccntrcd P fie|d This field lags the 

,he helix which produces a " a *' al [|cr wavelength as shown in 
solid curve of fig- 53 (') »’ (| hc | ix ax , s is the resultant of 

fig. 53 («) b. Now the field along jn )igurc 53 (//). It » 

the two waves on the helix- " resultant field is located a 

clear from the figure 53 («> * lo the gun end of the tube 

small fraction of a wavclc gth because the negative maximum 

than the solid °^ e “l C D osi,e to the centre of the electron 
of the induced wa * e ' s jn ££ b unch therefore, encounter a retard- 
bunch. The *'^[eetrons thus deliver energy to the wave on the 
mg field- u in ‘ cent nucs because the electron e is no longer 

helix- The h u ^h.ng coritm vav£ ^ the be|jx 

at the zero of aIong the hclix> thc situation 

As the electrons trave! furth « w the bunch ing j s more 

shown by b m figure 53changes ^ jn ampli[udc . The phase 
complete and the .nduceo w > clec(ron bunch 1S a , S o 

shift of the resultant wave relau ^ ^ ^ ^ js , Each 

increased because the indue “ unters a stronger retarding field. 
Xg°e n and merging amount of energy is thereby delivered by 
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the electron bunch to the wave on the helix, which is now much 
larger than the original signal. 

The motion of the individual electrons has been studied by 
Webber. He showed that when the bunches have been formed the 
electrons in the bunches do not simply coast with the wave but they 
oscillate longitudinally within the beam. The equations expressing 
the oscillatory motion of the electrons relative to a point within the 
beam moving with the initial velocity of the beam are of the same 
form as those for the motion of a pendulum. Unless the initial 
velocity of an electron exceeds a critical value, the oscillation takes 
place. If the initial velocity of an electron exceeds a critical value 
corresponding to injection angle (time in the cycle, expressed in 
radians, at which the electron is injected) its average velocity is not 
reduced to that of the wave but it continues to advance relative to 
the wave. Such electrons deliver energy to the wave while passing 
through the regions where they are retarded by the electric field ot 
the wave but reabsorb energy where they are accelerated. The 
electrons deliver energy to the wave only when they leave the field 
at the instant when their velocity is lower than the initial velocity. 

Coupling of beam and slow-wave structure : 

Now we consider that how the electron beam waves interact 
with the travelling electromagnetic wave on an adjacent slow wave 
guiding structure and produce amplification of the wave guide 
waves. The amplification can be shown by a relatively simple 
model in which coupling is introduced between the wave system of 
the beam and the travelling waves on the slow wave circuit. The 
coupling is provided by the displacement current induced between 
the charge concentrations travelling on the beam and the wave 
guiding structure. The assumed situation is shown in figure 54. 





Fig. 54. Slow-wave structure and coupled beam. 

The electron beam current i flows adjacent to lossless 
transmission system in which the waveguide current and voltage 
are I and K, respectively. Let the transmission system has impe¬ 
dance Z=jX and admittance Y—jB per unit length. In the absence 
of the beam, the waveguide current and voltage would be related 
by transmission line equations : 

dV=-lZdz •••(') 

d!= — VY dz. -(2) 


Oscillators 


669 


These equations represent a transmission line upon which 
waves travel with the propagation constant yAj^Zy) . W 
the presence of electron beam, the transm.«,on me equations are 
modified. Let an additional current be mtrriuced m dl This 
current increment is set equal to the beam current which flows 

the beam length dz and therefore is di=£. dz. Thus it is assum- 
now become 


-(3) 

..(■>) 


dV=-IZdz 
dl= — VYdz—di. 

Replacing d/dz by -jfi these equations, we have ^ 

—jfi V — —1Z 

and Combining equations)" nd^d replacing ZYby-V. 

we obtain 


(P-P,*) v-jtzi 

The value of i is given by the relation 

2 wp r ' D ' - 

(props?. 


..(7) 




where ^radius oTcyHnB-. -Ta/c in which the electron beam 
is enclosed, 

JESSES?*--*-. 

. 

ji,=mean velocity. „„alio» (I). in 'a”* 1 ™ 

Substituting the valnc 

(7) we have g,»r B * _ ...(9) 

(B 2 -pr) - — ~ r r' x lp-Po) z -P/ . .. 

thr radial component of electric field 

* a k r^eTO“*.S!s 

ToWKSS*"“of proportional!.;. We. therefore, write equa- 
tion (9) as ^ 


where 


2^/yxfoft. 

r„ 


...(10) 

...(ID 


,CrC • the nega.ive r °sign is introduced on ad hoc 

In equation (H)> 
basis and we have used Z-J*- 
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For convenience, the various phase constants are termed as 


/?„=: — = phase constant of average beam velocity, 

i'o 


p p =^= phase constant of plasma frequency. 

t’o 

= propagation constant of slow waveguide alone. 

The equation (10) may be written in the form 

OH-M O-WIO-W-VJ — A - -( ,2) 

Equation (12) is fourth order in p. It has four roots corres¬ 
ponding to four travelling waves in this system. Since ft p is smaller 
than fa, hence there arc three forward travelling wave solutions 
and one backward travelling wave which corresponds to the solu¬ 
tion (P+Pt). Here we arc interested only in the interaction between 
forward travelling waves and space charge waves on the beem and 
hence the backward wave is of little interest. Replacing (P+Pi) 
by 2 px in equation (12), we have 

(P-Pi) «r— 2/5 P*+Pf-PS)—Alip g . ...(13) 

A particular solution of equation (13) will be considered when 
Pr=Pi> 2 —pp 1 . We can write equation (13) as 


(/?— 0 ,) 3 = —— approximately since p 0 **fpi. ...(I 4 ) 
IP i 

In solving equation (14), we consider the propagation constant p 
as complex and include the complex roots of right hand side. 

...(15) 


^~^ = (^y 3 '- e ‘ itn * ,)n y i3 - 


Let (AI2Bi) lf3 =b y then the three roots of equation (15) can be 
written as 


P=Pi+b cos w/3+y sin w/3], ...(16) 

P m P\+b [cos w -j-y sin w], ...(17) 

P=Pi+b (cos (5w/3)+/ sin (5ir/3)J. —0W 

The three forward travelling wave solution have the wave 
functions 


exp [-./(ft+0*5 b)] r.exp [-0-866 6] r. ...(19) 

exp |-y (ft-6)1 r, ...(20) 

exp f -j (ft+0-5 6)| 2 -exp (+0-866 b) z. ..-(21) 
The second wave, equation (20) is an unattenuated wave 
which travels slightly faster than the characteristic of slow wave 
structure. The other two waves move slight slowly than the waves 
ol the guide alone. Equation (19) shows that the wave is attenua¬ 
ted exponentially as it travels, while equation (21) shows that the 
wave grows exponentially as it travels. 

The results derived above show the essential characteristic of 
travelling wave tube operation. By coupling the two wave systems, 
the slow waveguide, having two oppositely travelling waves at a 
given frequency, and the electron beam, with its pair of oppositely 
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...( 22 ) 


travelling space charge wave, we have a system of four poss'ble 
wave motions characteristic of the system as a whole. Of the 
forward travelling waves, one is growing wave, it transfers the 
original kinetic energy of the beam to the electromagnetic fields in 
the tube. This results in the travelling wave amplification. 

Variation of gain with beam voltage : The pha;e velocity t» of 
the growing and attenuated waves is given approximately by tne 
relation 

Vo 

V -\+Cl2 

where v 0 is initial velocity of the electrons and C is rc ' a,ed ,o t ' 1 ' 
characteristic impedance Z„ of the hchx, the beam current / and 
the beam accelerating voltage V.. The value of C is given by 

L 4K. 

The phase velocity of constant-amplitude wave is given appro- 
ximatcly relation 

...(24) 


..(23) 


v= 


Vo 

1-C 


The backward wave has constant amplitude and moves with 
the phase velocity given approximately by the relation 

v= _»._ ..(25) 

As the typical val “* s d of f orward° Laves ifone"percent or less 

of growing and attenuated for rd e(ectrons> simi | ar | y the cons- 
lower than the initial velocity pcrccn t or less higher than 

tant amplitude forward wave i. t lhc phase velocity of 

the electron velocity. On the o r ^ c , cclron velocity. I he 
backward wave is slightly h g 1 ‘ ]iludc al th e input end of the 
three forward waves ha\e equal P amplitudes of attenu- 

helix but if the tube » gg'^s ^ negligible in compaiison 
ated and constant amplitude 

to the growing wave a, output end _ ^ ^ 

Figure 55 sh .°" s ,® U maximum gain and output are ob- 
voltage for a typical tube. I he m adjusted in such a 

tained when the beam ac v cc ' ^"electrons 8 is equal to the phase 
wav that the initial velocity <>f ' of electron beam. It is clear 
velocity of propagation in the a when the beam acccle- 

from the figure that the gam is maxim ^ ^ a (ubc „ 

rating voltage is 1430 '° 1 ‘ h Lowing wave predominates at the 
is sufiicicntly long so that the grow b 

output end o: the helix » ^^ c „ ... (2 6) 

where At is the length "of .h. helix in wavelength. As the gain 
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varies directly with the parameter C, this is known as gain para 
meter. 



Fig. 55. Variation of gain with beam voltage 
Under small signal operation, the power output of a travelling 
wave is given by the relation 

P=CV a I a . ” ( 27 ) 

Variation of small signal gain with wavelength : The small 
signal gain of 6 to 8 cm. tube is shown in fig. 56. 



Fig. 56. Small signal gain of the tube. 

The gain decreases at longer wavelengths. This decrease is due 
to the following two facts : 

(i) the phase velocity in the helix increases with increasing 
wavelength, and. 

(ii) due to the deterioration of the matching of the helix to 
the waveguide. 

Band width : The travelling wave tube is inherently a non¬ 
resonant device. Due to this fact, it can be made to have band- 
widths that are enormous compared with those obtainable from 
amplifiers involving resonant circuits. The amplification chara¬ 
cteristic of a typical helix travelling wave tube is shown in fig- 5/ - 
From the figure it is observed that the amplification is nearly 
constant from 2000 to 4000 mc's. 
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The gain of a travelling wave tube varies with frequency. The 
reason of this variation is due to the following four factors : 

(i) variation in the velocity of the electric field along the axis 
of the tube, 



Fig 57. Amplification of a travelling wave lobe as a function 
of frequency, . 

(ii) variation of length of thc ,ub f e Electric field as a 

(iii) variation in the strength of the axial 

function of frequency, , . h accu . 

(iv) failure to match the terminal tmpedance of the tube accu 

ratcly at all frequencies. , ubc |icu | ar | y 

The helix form of ,1^operation. Over a wide frequency 

suitable for achieving wideband op * o hclix js subslan . 

range, thc velocity of axial field produceo oy 
tially independent of frequency. • 

15-20. BACKWARD- WAVE OSCILLATOR^ ^ ^ ^ * 

of tJ^^U^^S-smission line. Alternately the 


OUTPUT 

iVr. 


GAP 6 


GUN 'y 

S 

CATHODE 


election 

6EAAT 


INPUT 


W=M)cou£cro* 

ELECTPOMAGHET/C WAVE 


Fie 58. Backward wave oscillator. 

body may be regard as a wavesuide^eratmg m d 

such that a wave travelling alo g 
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forth, and in the process produces an axial component of electric 
field. An electron beam is directed along the axis through holes in 
the structure. When the electron beam has a suitable velocity, the 
interaction between the backward wave, i.e. a wave travelling from 
right to left and electron beam takes place. Now the average 
energy is delivered to the wave by electron beam. The collector 
end of the line is terminated with a matched load impedance for 
the purpose of absorbing any power that might be reflected at the 
out-put i.e. at the gun end as a result of an impedance mismatch 
at that point. 

Mechanism of operation : In order to consider the mechanism 
of operation, we have to consider the interaction between the 
backward wave and electron stream. Here we assume that there is 
a backward wave in the structure. Let us first of all consider the 
situation existing at gap a, where the electrons enter from cathode 
side at a uniform rate. The electrons are subjected to as alternating 
axial field that varies with time. The electrons experience velocity 



ZEPO 
F/£t'.L 


WX/Mt/M 

e/elo 


(b) 


ELECTPOA/S 
SLOWED 

oowv 



EIEC7P0A/S 

ACCELEM7ED 


/WCPEAS/A/G 7/AfE 


i /A/SFAWF r?/£ PEFEPENCZ 
1 ELECTRON PASSES GAP 6 


(cC) 


Fig. 59. Relationship of fields and electrons in the folded line back¬ 
ward wave tube. 


modulation. A bunch of electrons is now formed about the refe¬ 
rence electron that passes through the gap a when the alternating 
field is zero. Let the reference electron passes through the gap b 
from gap a after a time T f . The delay corresponds to N e =T e f 
cycles, where,/is the frequency. The field at a lags N*=T*f 



Oscillators 


675 


cycles, behind at the field b. Here 71. is time taken by the wave to 
travel from the gap b to gap a. Thus when the electron crosses the 
gap b the field it encounters is N r +N* cycle behmd the phase of 
the field it encounters at a. The geometry ofifoldedllrne '? such that 
if the electrons are given a velocity such that A'.+^ is J “ s ‘ “ S 
than a half cycle, then the field that the reference electron encoun¬ 
ters at gap b will be as shown in the figure 59 (b). The field at 
b will varv with time as shown in figure 59(d). In figure 5V( ). 
JTis tlitMi me such That dTx/= Af, is tto fraction 
N, +N W fails to be exactly half cycle. If N, + N is exactly Ml 
cycle Nj—0 and the electrons passing through b are further 
city modulated. 

The situation is repeated again and ^‘"/^^^'anotheT 
that at the collector end the total P relatively strong decelc- 

half cycle, the electron bunches encounwr^ ^ down , he 

rating fields as they cross the gap> • h ^ ^ bickward wave, 
electrons and cause energy lo b . f rom ( i, c output of the 

Since the electron beam conveys ^ pa V h in the 

SlvS'arSir;FTripmore -he r f. current convey^by 

may be much greater than iuu/ 0 . 

J r • We have shown that in oracr to 


0 5 


n 


Hence 




. 0-5 11 -(»/”)) 
f**~Te+T w 


7V, T„ 
As n 


and/are defined earlier. 

.i . „in oil bv the geometry of the tube and so is 
As T w is determined \ y ^ The frcqu ,. ncy generated by 

nearly constant for any g con , ro n e d by the transit time 
the backward wave t 5 stream. Hence the frequency is a 

/ ?. by the velocity of elect - mm backward wave osci- 

function of anode vol & • 0 f being voltage tuned. Frequencies 
„ator has the unique fi m °e X ?c r ime n tal lubes less 

Thin W 2 2 fT 0 lon C g! Frequencies as great as 1CO.OOO mc/s have been 
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achieved in structures that ere physically large enough to be fabri¬ 
cated without undue difficulty. 

15 21 ELECTRON WAVE TUBE : 

This is essentially a travelling weve tube in which the guiding 
structure is avoided between input and output as shown in fig 60. 


£XC/r/A/G //EUX & ECTROAJ 6G*N 



Fig. 60. Electron wave tube two beam type. 

In this tube, there are two different electron guns i e. two 
electronic beams are produced. These beams are accelera¬ 
ted through dilferent direct accelerating potentials Va x and Vo t 
The average velocities of the individual electrons in the beams are 
different. The two beams arc mixed together to form a single 
beam in which average electron velocities are inhomogeneous. 
This beam is subjected to an alternating accelerating potential in a 
manner similar to that in a klystron. The inhomogeneous beam is 
passed through a short helix that is excited by r f. energy supplied 
from a generator connected to the input terminals. The axial 
component of r.f. electric field in the helix causes the electrons in 
the homogeneous beam to have an alternating component of velo¬ 
city that is superimposed upon their average velocities. The inter¬ 
action between electrons that have different velocities takes place 
in the drift space which results in the production of bunches. The 
bunches travel through the drift space towards the output end. 
In the drift space the density of charge continually increases as 
the bunch travels. At the output, the energy is extracted from 
the beam by passing it through a suitable output structure such 
as short section of helix as shown in the figure. The tube exhibits 
considerable power gain due to mutual interaction of electrons 
having different velocities. The defocussing of the beam as a 
result of space charge effects is prevented by a focussing solenoid 
that provides an axial magnetic field along the drift space. 
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NUMERICAL EXAMPLES 

I. A tuned anode oscillator employs « h ,*A 

r p = 10 KQ, and a tuned circuit, compnsmga coil of Q factor J 

45-5, a capacitance of 350 P F and a $ 

Calculate (/) ///* value of minimum mutual mductan 
and plate coil y and (//) frequency of oscillations. 

w,L 


Q= 


R = 


w, 


CO 


<o,C R 

and £=— 

OJ 


Now /J =^”2x3-4x5Ux.uCTx.0-'»x« 2 r ohms _ 


0 /? 45 5x200 

I=— = 2TT14X 50x10* 


: 29 mil 


Again 


or 


7x10- 


RC - 30 

' vh " c -y® 

30 30 x 200 x 350x10 18 

200 x 350xi0^+21x_l0_* 

—-To 

■* + 22x I0-* /Oj+29\ x I0-’=0 99 »)//. 

-TO-“l 30 > 


A/ = 


200 r =5 0-4 kc/s. 


(ii) The frequency/is #i«“ b y 

, ___!_ I+r 

' 2nV(LC) \ r r I . 2 00 \' 

= 2nv/(29xl0'H-350x |0 '*) 1 ' ‘ ,0 ‘ ' 

2 . A /«■«/ “node "L ZTnlillihenry. 

ency of 400 x I0' 3 radiantly , above the resonant frequency 

Frequency of osciUatton^ OOSf^ ^ ^ dynantual plate 

0 f "V:Tr MOO Hints and 

'late the minimum ralu ' n {j”Z'ted'"oscillations. Assume the effect 
plate coils to be negligible. 

P of interelec,ode ](fi radians ,sec 

t°ahovc the resonant frequency. 

-- 

< u=u 'o ( 1 + * r p ) 



678 


Hand Book of Electronics 


or 


to 


R 


l+^-=—=1-0005. 1^=2 {1-0005-1} 


U) 


= 0001 . 

Hence 7?=0001 x30,000=30£. 

Mutual conductance 


gm=— = 


30 


30,000 


10~ 3 mho. 


Tuning capacitance 


1 


to 0 2 L (4x 10 8 ) 8 x40x 10 -3 


r =156 2x 10 -12 Farad. 


We also know that g m 


pRC 


pM-L 9 

j Q —3 _ 30x 30x 156-2 x lO-» 


30xA/-40x JO - 3 

40x30x 156 2 xlO - 12 

io 71 


30A/=40xl0" 3 + 


30A/=40 x 10 “ 3 + 0 1405x 10 " 3 , 
30A/=40-1405xl0- 3 


M: 


40-1405X !0 - 3 

nr 


= l-338x!0- 3 H. 


3. In a vacuum tube oscillator using a tuned anode circuit 
minimum mutual inductance between grid coil and the anode coil 
required for sustained oscillations is 200pH t when the toad is equi- 
\alent to a resistance R — 15 ohms in series with inductance L of the 
tuned circuit. If however , the equivalent load resistance R is increa¬ 
sed to 30SI. the minimum value of mutual inductance M is required 
to be increased to 350pH. The electron tube used has amplification 
/x = /2 and plate resistance , />= 24,000 ohms. Find the inductance 
L and capacitance , C, of tuned plate circuit. 

We know thai ? „, = ^- = _^_ =3x 10 -* m ho. 


and 

or 

In first case, 




ji_RC 
pM — L 


gmL- J rnRC=g„fiM. 


5x I 0 -‘ L+\2>. 15C=5x IO-*x 12 x 200x 10 4 
£+(36x10*) C=24xlO-‘. 

In second case, 

5x 10-' Z.+ l2x30C=5x I0 _ ‘x 12x350x 10 ~‘ 
£+(72x 10 *) C=42x I0-*. 

Subtracting equation (i) from (ii), we get 

36 x I0*C= 18x10-*, 
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° r C= 36x‘o-* ~ =?00QxlO ' ,aFarad ' 

Substituting the value of C in equation (i), we get 
L=6 x 10"* Henry. 

4 In a Hartlev oscillator , the two sections of the coil have 
inductances of 90 mH and 3 0 mH, the latter being in 
The tuning capacitance is of value 100 pf and the 
tor of the value 20. Find the approximate value of critical mutual 
inductance for maintaining oscillations. Also find the value of fre¬ 
quency of oscillations in that case. 


We know that /*=( 


L t +M \ 

l,+m) 

90+Wlx 10- 1 
(J0 + /MIX 10 3 • 
M = — 27 mH- 


Solving it we have A/——27 mH. 

, 1 L_ _- 

Again + 

= 2*V11 00 x“l0 ;,T T90 + 30-Jx2/)X iu-j “ 

= J_ ( 1 7-4 xio-'«r ,ii = 38x101 c / s - 
2* 

5 >— 

Ci=400 z 1 /., Ct-I00p/ 

Determine . » 

( fl ) ^/'^ZfaZn “oZluoin oscillations. 

(b) voltage a "'l’ l ‘fi‘ a, '° n of RC IU ncd oscillators 
(a) We know that in case o 

_ 1__ 

ir^/(RiFiCiC 2 ) 

1 _ \/1211 = 19x10 4 c/s. 

-&xfx7ir u l6 ".„ . 

(*) Required gain to maintain osc,Hattons 

-■+X + E- I + I+4 - 6 
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6. In a phase shift oscillator the three networks are identical 
i.e. B 1 =R 2 = R*=R=6 x 10* ohms and C 1 =C 2 =C 3 =C=9 pf. Cal¬ 
culate the angular frequency of oscillations. 

The angular frequency of oscillations is given by 


] 1 
y/O.CR “V6x9x IO- ,2 x6x 10 4 
1 10 8 

2-441x54x 10- ~ T 32 -246~ =7S ' 7x ^ 0< ^ns/sec. 


7. A certain X-cut crystal is resonant at 450 kc/s. For this 
frequency , its equivalent inductance is 3'65 Henrys , its equivalent 
capacitance is 0 034 ppF., and its equivalent resistance 9,040 ohms. 
What is the Q of the crystal ? 

We know that Q of the crystal is given by 
2 t fL 628 x 450,000x3-65 

^ R ~ 9040 


1141. 


8. A double resonator klystron is operating at a frequency of 
3,000 megacycles. The drift space S=2 cms. The beam current is 
25 mA and the ratio V 2 IV 0 =0 3. Determine (a) the d.c. accelerating 
voltage ( b) buncher voltage and ( c) the efficiency , for the maximum 
power output condition taking the integer value of n = l. Assume the 
beam coupling coefficient as unity. 

(a) We know that d c. accelerating voltage V 0 is given by the 
relation 


or 


^0=0-284 x 10-" f. “f , l 2 
[_2jt/i —(jr/2) J 

=0-284 x 10-“ P"-< 3000xlO«x2x10- ]« 

L "(2/1-5) J 

where S is in metres. 

=0-284 x 10-' x[^-)] 2 xlO” 

=284 x 64=18176 volts. 

(b) We know that 
V\ 3-68 

K„ 2«b—(ji/2) 

v T 3-68 I 
, = L 2™-V2, Jx V. =0-78x18176 

= 14177-28 volts. 

( c ) (x)=25 x 10—x V 2 0' x 58, 

Pi»pr.,=/«y„= 25 x io—x y B . 


’wiw 25x10— V. 

'inpul ~ 25x10- x T^ x0-58x 100 
= 1x0-3x0-58x100=17-4%. 
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v« [2h*-("IQ]*.L derive an 
9. Using equation fyj_y a f- (8a ,*S*m) 

expression for for reflex klystron. Assume that V o =350 volt, 

S=0 S cm, f =5,000 megacycles and n=4. Compute the frequency 
change for one volt change in reflector potential. 

The given expression is 


or 


f2 irJl-(W2)l* g 

%oj z S-n\ 


( Vr-Vo)' 

From this expression, we have 

r 2 wr— (g/ 2 )l*< 

.i* —“ - 


or 


8 S 3 m 


df \2nn-(n/2)] 1 


OJ 


jK; = ^2V25' X V( m ) X ^ l/ ° 

According to the P ro ^‘ cm 

„=4, e/'» = 1 ' 76xl0 e m 

; =350 volts. t=0 5x l0- rne.ro, 

(8 -(i /2)i VLLZl^iSJ- 

df~ -4V2xO r 5x lO-xV3=0 

- 5-928 mc/s per uni. reflector valtage. 


EXERCISES AND PROBLEMS 

^ __WhaJ 


1. 

2 . 


3. 

4. 

5. 

6 . 


7. 


8 . 


EXEKi..^-—- wha|ijilsimporla „c.7 
Define an oscillator as ^ d '" ,3 „ p|ain , hc working of toned anode 

criterion. d*flve expression for g.„ 

Draw a circuit diagram of a sen 

and explain its action. - iu - s oscillator and explain its action. 

K ^:rof oscillation for tfie following oscillators . 

(a) Dynatron oscillator, 

. 

Discuss the main cuts ot me m 
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9. What limits the wavelength of the oscillation in a regenerative oscil¬ 
lator? Deduce expression for the wavelength of the Barkhausen 
Kurtz type of oscillations in a triode with cylindrical electrode. 

10. Deduce the condition of maintenance of electrical oscillations in any 
standard type of oscillator. What precantions are described for the 
stability of the frequency and amplitude of oscillations ? 

11. Draw a circuit diagram of multivibrator and explain how it works? 
Show the typical waveform of a multivibrator output. 

12. Give an account of the difficulties involved in producing U.H.F. oscil¬ 
lations by conventional feed-back methods using a triode. Explain, 
with the help of net diagrams, the mechanism of energy generation in 
a magnetron oscillating in the w mode ? 

13. What is meant by the transit time elTcct ? What are some of the com¬ 
mon methods of overcoming this effect in an ordinary tube ? 

14. Discuss why is it not possible to generate oscillations of frequency 
300 mc/s, with the help of conventional triodes. 

Draw a net diagram of reflex klystron and explain its working and 
the phenomenon of a bunching of electrons. 

15. What is meant by transit time effect ? 

Discuss why the conventional oscillator circuits cannot be used for 
generation of microwaves ? 

Show how oscillations arc generated by a reflex klystron ? 

16. Derive expressions for the output and efficiency of a double resonator 
klystron. In what respects do the double resonators klystron differ 
from the reflex klystron ? 

17. Write short notes on : 

(i) Travelling wave tube, 

(ii) Electron wave tube. 


(ii) Backward wave tube. 
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TRANSISTOR BAISING AND STABILISATION 


16 1. TRANSISTOR BIASING 

For the norra*! operation of^ should "be forward 

is essential that the em ' 1 . 1 • .u ou \d be reversed biased. To 

biased while collector-base juncti ^ associated circuit with 

achieve this bias ba * lcrl * s y hc | a ttcr method is more efficient 

the transistor may be employed' J u|l prov iding the desired b.as.ng 
and is frequently used. The circuit p bjas , ng may be defined 
is known as biasing circuit. The I™ cjjWJ|| w)d , hc mom , e 
as the proper flow o] zero Sl j , , ,/,,, passage of the signal 

nance of collector emllle 'd works inefficiently and 
When a transistor is not propey addition, amount ot 

produces distortion in the ® u, P"‘*^:a{j ng g-pornt which is dic- 
bias required is important fo , ( also desirable that the 

tated by the mode of operation sbilI iti position due to 

2-point should ^ stable arc madc | 0 r this purpo c. 

temperature rise etc. Sp ^ for pro vid.ng the b.as.ng 

Following are the menu 
arrangement in a transist . 

(1) Base bias or fixed 

g KSS:S c lh ctor fired back. 

re,* rTSs^tsss - f " "™" ,u 

” d ' ’°" f “' CUBHENT BUS 
16 2. BASE BIAS OR ja of several hundred AO is 

required base current (ana n 
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zero signal condition. Let l c be the required 
zero signal collector current. Applying the 
KirchhofTs voltage law to the closed circuit 
ABEDA , we get 


y icc — hRb-r 



Here V ce and I b are known and V be can be 
seen from transistor manual, hence value of 
R b can be found. Since V b , is generally quite 
small, hence 



Advantages. The base resistor method 
has the following advantages : 



(/) The circuit is very simple as it requires only one resis¬ 
tance. 

(//') The calculations arc very simple. 

(Hi) There is no loading of the source by the biasing circuit as 
no resistor is employed across base-emitter junction. 

Disadvantage. This method provides poor stabilisation 
because there is no means to stop a self increase in collector 
current due to temperature rise and individual variations. 

Example, fig. (2a) shows that a silicon transistor with fS= 100 
is biased by the resistor method. Draw the d c. load line and deter¬ 
mine the operating point. 




According to this example, V CC =ZV, R b =liOKS2 and R e =2KSi 
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(i) D.C. load line. From fig. 2'a) 

• pr _ j cf 

, n 1 / -V~ ‘ V „=8 volt. This locates the first 
When Ic= 0, y R J iV nKQ=4mA. This locates the 

above two points is known as 

d c load line as shown in bg. (- 0 J- 

e. we !».. i- * 

K^»7»,LH. re +K> 

, mr 

c r o,c T;i = SS ^ ; S >01 , 

Now f . 

So, operating point ,s 6 volt. 1 mA 

,,, «»■— 

The circuit arrangement of base o 

is shown in fig : ^.‘^.0 the 

an emitter resistor >s co v0 |tagcs 

s b r».r c.i h 'bf- 

^"Tsatura.ed collector current (U„. 

At saturation. V„ is essentially zero 

• n\ =-^V - (l) 

.. V<U< - r,+R, 


Here 



as follows : Apply.ng - g - ^ 

law to supply, base, emitter ano g 

route, we have y _ hRb+ y^. tr R, 

I b =l<IP and /,=/r 

... 

V'.-Vt. neglecting K 4 , ..-(2) 

••• IR'+MpI 

, „r R can be calculated as follows : 

3. The value of can u 


v «— B 

v.^-V to-O' Rh M 


...(3) 

...(4) 

...(5) 
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Example. For the circuit shown in fig. (3 ), calculate 
(0 (Ic)uxt; (ii) /<■, (///) v ct (iv) V e and V Cft with the given 
values : 

Kc=40 volt, R C =3KQ, R e =\KQ, R b = 400 KQ and 0=100 


(0 (/c) 


rc 


40 volt 


SOI • 


m 

m 

(>•) 


Aclual current 7 C 


3XB+I/02 


CC _ 


10mA 

40 volt 


R e -f R*/0 1*£+400/02/10 J 

= 8mA 

^c=^cc“/c/?c= 40 - 8 m/lx 3 ^ = 16 volt 
V e ^I c R,^%rnA x 1 AX> = 8 volt 

— = 1 6 VOlt — 8 VOlt = 8 Volt 


Ic-^K, 


...X. 


16 4 BASE BIAS WITH COLLECTOR FEED BACK 

The circuit arrangement of base bias with collector feed back 
is shown in fig. (4). In this method, one 
end of R b is connected to base while the 
other end is connected to collector. It 
should be remembered that the required 
zero signal base current is determined 
by collector base voltage V, b and not by 
V eC: Here V (b forwaid biases the base 
emitter junction and base current I b flows 
through R b . This causes the zero singal 
collector current to flow in the circuit. It 
derives its name from the fact that since 
voltage for R b is derived from collector, 
there exists a negative feed back effect 
which tends to stabilise ! c against changes 
in 0. I-or example let the temperature 
increases. This increases the leakage Fig. (4) 

collector current i.e. total collector current increases. Due to 
this increase, the voltage between collector and emitter V ct 
decreases as there is a greater voltage drop across R c . Now lesser 
voltage is available across R c i.e. base current decreases. The 
decrease in base current tends to dcciease the collector current to 
its original value. 

The circuit parameters can be calculated as follows : 

(0 For the calculation of R,„ needed to give zero signal 
current I,, we have 

or l'..- = Phlt.+hRt + V h ' 

Kr^Kr 0Mr ... ( |, 



K,= 


h 


—j ■: can'll *- is Uc+h)Re However - ^ 
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(to dc),a,=yjK K «-° 

(Hi) V e =v ec -1,R C and y,=hRb±V>* 
Equating these two expressions, we have 
hRb+V^Kc-I'R' 

kp+v^V.'-ItR, 

P 


..-( 2 ) 


, r*-y» _ K 

I( = -= ^— n 


...( 3 ) 


Man,111 ^WsCe^tiSc’method as it requires only 
one resistance R^ %Qme stabilisat i on of operating 

POi W : d> This circuit does not provide good 

St3b (iv)" This circuit provides a negative feed back which reduces 

the gain of the amplifier. operating point by biasing 

Example. It is required w set the opera ^ g^ jf 

m , .= . 00 , and 

vjo^ot' To oSin required operating point, we should 
find the value of Rt>- y -V ( , 15 — 10 

The collector load Rc— J g * UnA 

Now h=W Z X mA 

. n Vt S -v*zl!£! 

we know that Kt =— j b 

15 _ Q 3— l_00j<0 0m_ = 9 7o|CQ. 

16 5 . BASE bJ W ITH COLLECTOR AND EMITTER FEED 

by base bias with col „ rranc cmcnt is 

feedbacks. The circuit f ncreascs . 

shown in fig - (y* rcascs but collector 
emitter voltage incr j t „ e acr oss 

voltage decrease So the 
R b reduces which causes 
Here y f 

Uc)," = J c+ R, 

• • /„ is negligible small 

Ve =v cc -(I'+I>) Rc**V"- l ‘R‘ 

V.=I,R.—IcR' 
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16 6. VOLTAGE DIVIDER BIAS METHOD (self bias) 

This method is commonly used for providing biasing and 
stabilisation. In this method, two resistances R x and R t are 
connected across the supply voltage V cc as shown in figure 6 (a). 
The emitter resistance R f provides stabilisation. The name voltage 
divider is derived from the fact that resistors R x and R 2 form a 
potential divider across V cc . The voltage drop across R 2 forward 
biases the base emitter junction while V ec supply reverse biases 
the base-collector junction. The forward bias on base emitter 
junction causes the base current and hence collector current flows 
in zero signal conditions. 



( d) Equivalent circuit 

Fig 6 Self biased circuit and its equivalent circuit. 

In order to Thevenizing the base circuit, we first break the 
base lead as shown in fig. 6 (b). The open circuit voltage is 

Vcc 

^ Vrh ,s generally denoted by V b y 
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Again we reduce Vcc to zero as shown in fig. 6 (c). Looking into 
the voltage divider, the Thevenin resistance is 

R rh = a parallel combination of /?, and R 2 

p 

°r *”""*, + ** 

This is generally denoted by R* 

The equivalent circuit is shown in fig. 6 W , • 

The collector-emitter voltage ^ can be calcu ated by applymg 
Kirchhof’s voltage law to the collector side. Here 

V„=I e R<+K, + I<f<' 

= I l R,+ V<, J cl<R. 

=I C (R'+R,)+ V ‘' 

" The “ i ""’ r0, ' d 

can be understood as follows . |0 incre ase 

Let us consider that the because of temperature 

due to the increase in /,„ < caK f e , causes an increased d.c. 
rise. Now this increased current ^ n;[ emj(ter l0 base 
voltage drop across R r - This curren t h is reduced. The 
forward bias. As a result ,hc b “ SC JL clion in collector current 
reduction in base current causes r increase in l, and 

Thus the self biasing 

improves the operating p ^/rfer bias method. 

Example 1. Fig. 6 following data : 

Determine the operating point 1 512 R c =\kD and 

V „=20 volt, V^O I volt, 

From the circuit 

/_5_\ x 20=5volt. 

— 115 + 5 / 

R,y.Rt !5*?«22, 

RTh= ft+R, 15 f 5 -° 

Applying Kirchhof's law, we have 

= hRTI.+ ^ + , ‘ R n 
=/„ Rtm+ V*+P URr 
= l b (RTH+P R ') +ih ' 

F tl. — V fcr 


3-75 


(V /,=Z*+^ a '^ 
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or 


Ic = 


KETk-V *) _ (E T „-V be ) 
'(RTh+$Re) ~ l(RTk/P) + Re) 

ETh—Vbe 




R<■ 


(V RrhlHRe) 


Substituting the values, we get 
5-0 7 




1*43 mA. 


3 KG 

Further V ee =V cc -J c (R e +R,) 

= 20 volt-1*43 mAx(4KG) 

= 20 volt —572 volt = 1428 volt. 

Thus the operating point is 14 28 volt, 143 raA. 

Example 2. An NPN transistor circuit Fig. 6 (a) has a =0985, 
R Z =20KG, R e =2KG and V^O 3 volt. If V c< =20 volt , calculate 
R\ and R c to place Q point I c = 2 mA , F fc =5 volt. 

Here a=0 985. We know that 0=a/(l — a) 

0-985 


P 


1-0-985“ 


r«66 


Base current 


r_A* 2 mA . .. . 

,b ]3~-66 =0 03 " M ' 
voltage across R, is given by 

r t -r*c+v r 

= 0-3 + 2mA xVcO=4'3 volt 
voltage across /?, is given by 
Vx = V„-V i 

= 20-4-3=15-7 volt 
current flowing through R, or R. 

V„ 


V« 4-3 volt 


R 2 20tfn 


= 0215 mA. 


Resistance = voltage across K, 

A 

n-l! i = 73 '2K3? 
0*215 mA 

voltage across R c = F rr — j' 

~ 20 — 5 — 2x2=11 volt 
collector resistance 

z> _voltage across R c 

- - T - 
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16 7. BIAS STABILISATION 'Operating point stability) 

The application of prop-r bias in transis.or amplifying c.rc^u.ts 
is essential since it specifies the operating p 
desired mode of operation. semicon- 

The properties of a transistor, the ajur and f| ius transistor 

ducing materials, are temperature sP temperature-sensitive. 

parameters and characteristics are • .' (hese variations 

Unless bias arrangement ,s co,r ^ y hencc 8 ,he desired mode of 

will shift the operating P 0,nt , s Iabi |j se the bias in various 

operation. It is, therefore, necessary to stabilise 

transistor circuits. hreakaces of covalent 

Due to the rise in temperature ‘her l b Thjs , eak . 

bonds is resulted which gives , of e co |lector current of a 

age current forms the one component j$ depen dent on 

junction transistor, the other P amplifying properties. 

base current and contributes all to tne ^y / miMcr collector 

Leakage current is den °‘ . da V with temperature, 
current, and it varies exponentially w P ^ ^ 

There is a further increase of th.U *J jstof wj|| 5c damaged 

of the heating of eolketor junction^ 11 ^ fa( . greater than safe 

collector thssi'patlon^ "The pro^ s °^ d c^clopingJtcat^by^uansist^r 

.o a s,. v,H.c Uy 

providing protective circuity ^ ^ AMPLIFIER : 

,6 7-1. BIAS INSTAB L TV shown in figure 7. When 

A common base amplifier 
emitter circuit is open 
collector current consists 
only the component ol 
current due to reverse 
current ol the 
formed by the collector 

hase junction. 
called leakage current 
represented by lco- Thus 
total collector current/, 
is lco- But when emitter 
circuit is completed, use- 

full current a/, is also in 
eluded in A,/*-. /+/c =/c (ideal) + lc. 

Re]..... a—V* rritssrsiS “ 

input signal, will produce an « h cx ® oncnt , a lly with temperature 

ror 



Fi«. 7- Common base conjuration 
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manium and 6°C rice in temperature for Silicon, it is still negligi¬ 
ble as compared to al c . Ic 0 for such configuration is always of the 
order of pA while I e may be of the order of mA. For example, at 
25°C, Ico is i*A which is negligible as compared to l e order. 

Since Iq 0 is small, bias instability is least in common base 
configuration. 

It is worth noting that at room temperature I Co in silicon 
transistors are much smaller than in germanium transistors, and 
so are widely used. 

16 7-2. BIAS INSTABILITY IN COMMON EMITTER 
AMPLIFIER : 


The case of common emitter circuit is most important to be 


considered since it is widely adop¬ 
ted in practice particularly beca¬ 
use of its high power gain. 

We know that emitter current 
is equal to the sum of the base 
and collector currents i e. t 
E = /b+Ic- 

The collector current is 
/ C =a/ r 4-/c 0 
/ c = a (I b + l e ) + Ico 
I c ( 1 — a)=aI b -\-I Cn 



Fig. 15. Common emitter amplifier 
with fixed bias. 


= d-«) /t+ [ 1 + (T^T) ] /c « 

=Ph+(\+p)l C o 

= Ph-\"I'co* 

where 0 is current gain and I' Co is the total leakage current in 
collector circuit. 

The bias instability depends upon I'm which in such type of 
amplifier, can assume a value of the order of 300/z/f at 25°C rising 
to 3 mA. at 60°C. Since it is comparatively higher than signal 
current, bias stabilisation is essential in common emitter configura¬ 
tion. For this purpose, protective circuit should be provided. 

16 8. STABILITY FACTOR : 

A stability factor, S, will be developed which relates the varia¬ 
tion in output current to the variation of I Co . This is defined as 
the rate of change of collector current I c with respect to leakage 
current Ic 0 keeping /? and V b ,. constant 

S - dIc a . 

Wo~dITo^AIco' P ' 7 '- conslant * 
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Smaller the value of S, lesser is the thermal instability. Hence 
S should be kept as small as possible. 

For stabilised circuit, dl ( < dlco and S < I; while d! c > dlc 0 
and S > 1 for an unstabilised circuit. 

The stability factor may be alternatively expresed by using the 
well-known equation /,-{/.+(« +P) /«• Differencing th.s 
equation with respect to /c, we get 

i-/»S+c+»t L 

-fg+o+wj- 


S=7— 


(l+/») 


\-p(dhldl c ) 

NO. .0 shall proceed » de,.r»l.e ,he .h=,~l ehsbili., of 
particular amplifying circuit. 

,*9 STABILISATION BY COLLECTOR BASE 
RESISTANCE (Self Operation) : 

™ eolleeior 


r 




& 

£ 


HI—« 


I 

-i 


± V CC 


M* 


Vt/7 


If temperature rises 
leakage current I'co w,n 

increase. An increase 
in Tea will develop more 
voltage across B, ana 
hence the collector vol¬ 
tage will become more 
positive. The result of 
[his increase in coHcctor 

voltage is to rcduc Fjg 9 . self bias operation, 

base current and nc decrease in total collector current 

lhe “fflr'crcaTUc vohage IcrossX and the previous conditions 
,c W '"a1n eftored Tins explains stabilising action. 

"TitU conditions can be derived as follows; 

Collector supply vohage^ ( ^_^ ^ 


But 


or 


l,=ph + 0+P)lco 
, l r -Q+ P)Ic. r 
P 

J/pML+iLW (/J 6 +/? c )+/cRc 

P 
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=l[*±X'+*c]-0+P)Ico 

/« [R.+ Rc (l+P)]=pVcc+{l+P) lco (Rb+RJ, 
Differentiating with respect to Ic 0 

^f-[R b +R. d+ftJ-(*+i»«) O+ft 

Cl Co 


Rb + Rc 


elec 


(R h +R c )(\+P )_ (H-ft 

Rb+R c ( 1+0) 1( pR e 


I 


Obviously, from above equation S < 1, which is for stabilised 
circuit. For belter stability, 0 should have high value, R c large 
and R b small. Values of R b and R c arc, however not chosen purely 
by the condition of bias stabilisation, but R b (base bias resis¬ 
tance) is determined by collector supply voltage and bias current, 
and R c is determined by collector supply voltage and collector 
current. 

Alternate method. In the case of collector to base bias, we 

have 

Rc (/ c + /fc)+ Rbh- 1 - Vbe— Kc 


Differentiating with respect to f ct we have 


or 


we know that 


[Rc + Rb] yj = -R c 

d .h= - R ‘ C 

ole (Rc+Rb) 

l+/» 


»-/» 


31b 

31. 


...(0 


...( 2 ) 


...(3) 


Substituting the value of Hb/df from eq. (1) in (2) we get 
5= _■+* 

"[■ 

Example 1. A PNP with 0=25 is used in a common emitter 
amplifier with collector to base bias. The collector circuit resistance 
R e =2 5KSl and V tf =!OV. Assuming V be —0 y find (a) suitable 
value of R h so as to make quiescent collector to emitter voltage 
Vcc = — 5 V (b) the stability factor S- 

(a) The collector current l c flowing through R c is given by 
r - TX< C - V <'-- 10—( — 5) 

Rc 2-5 x 10 3 


= — 2 mA. 
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Now /*=£'= -4=-80 /iA (Ico is as*umed to be negligibly 
P " small) 

According (o Ihe given problem, V*=Q, hence 

V«-y*c = ~ 5 ~° = 62S Kii 
Kb - l b -80x10’“ 

„ (\+P) _ 

(b) We know that 5= j—p-[7j7(* 4 +/J,)J 

Substituting the given values 

l+?5 __ 

S =fl2riB?IW“X IO’+2-ix l« s )l 

26 .=Jf. = 13-32. 

= F+25 xT2-5/65) 1-96 

16 10. STABILISATION BY POTENTIAL DIVIDER AND 
EMITTER RESIST A NCL . 

in emitter lead. _ 


«p t 


rt 






\ h A ----c, 


&——-- 

r implili'T with biasing arrangement. 

Fig 10. RC coupling * ‘ , lhc b asc voltage, the 

Emitter voltage is P ra ?' c n f * T? s constant. When tempera- 
latter remains constant so long ^ ^ cmi „ er voltage tends to 
ture rises, leakage current ncr emitler voltage becomes zero, 
approach base voltage, so ha^ ^ chcckf ,„c .ncrease in collet- 
This reduces both h si' 10 

tor current due to / c*..- constant because of the yaria- 

In practice base voltage^ " i of p | ate current ,s not 

tion in h and hence complete 

possible. w lition can be described as follows . 

M..h».tic.iiy >k £"“ +@ ••■<'> 
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...(7) 


From figure h=h+h 

or h=h — h- •••(2) 

Therefore I C =P (A — A)+(l +0) Ic<> — (3) 

and V ec =EJf •••(4) 

Multiplying equation (3) by R u 

I c Ri=pRi (A—i 2 ) + *i (1+0) lco .»(5) 

and equation (4) by 0. 

0 l^c=0/i*i+0/Vi. -(6) 

Subtracting (5) from (6), 

0^c-A*,=0A(*i+/A)-(l+0) lc . 
or 0K«-Ai (/ c -(l +0) /co] = 0/» (JA+**). -(7) 

Since voltage drop between base and emitter is very small, 
I t R t =l e R e 

nr / - IfR ‘ 

°t h—j- 

But /,=/»+/ c . Putting this value of /, in the expression for 
h, we get 

, (h+Ic) R, 

~ ^ - 

Substituting this value of A in equation (7), we get 
PYcc-R, [/c-(I i-0) lco ^ (*. + **> 


(/?, + /?«) , pR,I c (Ri+Rt) 

£ + ^ 


...( 8 ) 


From equation (I), we get 
0W<-( 1+0) /Co. 

Putting this value of 0/ 6 in equation (8), we get 

PKc-R, Vc-O+P) l c .]= Ji -^ I s~{l±P\]£iM k+JQ 

R* 

, £/?,/, (/?!+/?») . 
+ ^ 

-l -P) lco 1= 

/; *,/, (R,+R 2 ) 

+ 

• 7 r /3*, (*.+**)") 

" L + ~ J 


Rl + Ri 




Let 
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/, [ l +J (1 +«]*^f +(l+w/o [ 1 + k]' 

Differentiating with respect to /c» 

fe[ >+£.‘' + »H <Y ,+n 


blco 

Stability factor S 


( 


l+^O +0> 
d+0)_ 


l + 


pR, 
R.+Rb 


...<9) 


by ^ 
large but /?» should be small. thod 0 f stabilisation, in 

The important “ nd *’> and * 

contrast to previous one is fhat k < h obtain desjred stability. S is 

„*?, i.° is•“ ‘w * * iso ’ 

collector current se|f bias> we haV c (Refer to 

Alternate method, in ca 

* 7 ^ . "' (l> 

.b» a-*.--$& “ ,1 ’'"-UtkT" 

Differentiating eq. (0 wi'h respect “> ^ we ge ' 

•JH'+ffl *- 0 

*S+*+*a 

a* _ r* " (2) 

1+0 -(3) 


or 


we know that 


die 

1+0_ ...(4) 

s= r . ^ 1 

, + P(«6 + *r)J , 

. , „C£ im P /-yier circuit find stability factor ,f 

Example I- J n a tnhi n se d tii) stabilizes. Gnen 
the amplifier *&"**'££** and R e =\KQ. 

R^XOOKQ, Rt** 
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cc 


In this case K r ,= (-^-) 

(Sr)=(^) 


100 


11 


9-9 


we know that 


5= 


1+0 


1+0 


Rr 


d 


where 


Rb+R 

(/) When circuit is unstabilised, /? c =0 
/. S=( 1+ft 
a 098 098 


0 = 


I-a ” 1-0*98“" 0 02 
Stabilising factor 5=(l 4-49)^=50 
(//) When the circuit is stabilised 

1+49 


49 


r I+ 4 ixLi 

L 9-9+1 J 


50_ 

5-5 


= 9 (App). 


99+1 

Example 2. In a self bias circuit of fig. ( 10) a silicon NPN 
transistor is used with p=50, K*,=0< iV, V CC =18V and R C =4'3KQ. 
It is desired to establish a quiescent point at I c — I 5 mA, V ee =I0V 
and a stability factor S < 4. Find R„ R, and R,. 

The current through /?, is / c +/ 6 I r •; l h < /, 

Pc+R,= rfc!? =5 33 K.Q, 


or 

or 


Now 


Ic 15x10- 
4*3+ /?.. = 5* 33 

/?. =5-33 —4 3 = l-03AT^2 1 K Q. 

d+P) 


S-- 


3-25 


_ , . l+p.R r l(R,+R b ) 

Solving of RbfR,; we have 

**_(! +P) (S~ I) (| +50) (4-1) 

K (I +P-S) (1+50-4) 

Rt, - R.. x 3-25 =--1 x 3-25=3-25/02 

For a self bias arrangement, 

’"—’'-IKT© K " “ d 

Solving wc get, 


RiRz 


K, 


E,=/,. /?6+K tf ..-(/ ( ,+/ l .) R t . 


Also 
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Substituting the given value, we have 

Ka=(30x I0- 6 ) 3*25x 10 3 +06 
* 1 +(30x 10“ 3 +l'5x I0“ 8 ) (I x 10 3 ) 

= 2-23 volts. 

/?,= 3 ' 2S - X .- *.Q=26-23K.O 


Hence 


and 


R.= 


2-23 
26-23x2-23 


■_ 223 A.Q = 37K/?. 

Example 3. a, JL " “Z 

If the variation m the collector current!, oe t ro i, age 

7szutz> s * -* «-- 

K ‘' 'jj =(15 _ 5 )= 10/n/t and J/. should no. exceed 50mA 

£/ L _50m£. = 5 _ 

This is the maximum value of stability factor. 

The maximum value of R . is given > 

5 volt 5 volt 5x0 95 

*•“ T, /> 


9-5H. 


, t 500 x I0' a 

For better stabilization. *, may be used as I0A 

« °' 95 - -IQ 

Now P^T-a" 1-0 95 

We know that 

_ 1+P__ _ 

^•T+jnoiE+iW 

Solvi V<iWii= ( (tSSt 1 =r 

•' ' 1/ -0 voltage drop across /?,=-> volt 
Assuming ^= s0 » £ ,5 /* 2 

But 


Vb 


R t + Rz Rt + R * 

15 /?» 

^i^2__ = _53-2 


Again /?, + /?s 

solving eqs. <D and *,=79-5C. 


...d) 

..(2) 
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16 11. TWO BATTERY BIAS STABILISATION : 

In fig. 11, emitter bias is supplied by one battery of potential 
V, through resistor R 1 and battery V 2 supplies potential to the 


collector through resistor R c . 

If Ri is sufficiently large 
compared to r c , the internal 
emitter resistance, and the 
total resistance in base circuit 
is not excessive, the emitter 
current will be relatively cons¬ 
tant. Since in junction trans¬ 
istors collector current is 
essentially independent of col¬ 
lector potential, the collector 
potential will remain constant. 
To achieve such an arrange¬ 
ment, large power is dissipated in 



Fig. 11. Two battery bias stabilisation, 
stabilising resistors. 


16 12. BIAS COMPENSATION 

We have seen that a fixed bias circuit has a poor operating 
point stability while self bias circuit has better operating point 
stability. In self bias circuit, the current lb varies in such a way 
that /<• remains constant inspitc of variation in 7c.., V be and p.ln 
some applications, it is found useful to employ compensation 
techniques to reduce the drift of operating point. Very often both 
stabilization and compensation techniques are used to provide 
maximum bias and thermal stabilization. The bias compensation 
methods arc discussed below : 

(1) Diode compensation for \ Co — In case of a germanium tran¬ 
sistor, the change of Ic a with tem¬ 
perature contributes more towards 
change in/,. Fig. (12) shows the 
circuit of a germanium transistor 
amplifier with diode D used to 
compensate the variation in 7c 0 . 

A diode of the same material as 
the transistor is reverse biased 
by the base-emitter junction vol¬ 
tage Vu t allowing leakage 
current /,, to flow through diode 
D. The principle of this method 
is that when any change in tem¬ 
perature causes the increase in 
Ico, the leakage current /„ in 
diode D also increases in such 
a way as to keep /,, constant. Fig 12. Diode compensation for 
From fig. (12), germanium transistor. 
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= Kc-^-_ Kc __ conslant 

A, A| 

and /&=/i— 

We know that A=(l+/*) /<:*+£//• 
or / f =(l+ft/c 0 -r^(/.-/o) 

or Jc—O+fi) Ico+PIi—PU 

If 0>1, then I c -P /c*+PA— 

So if/o of diode and fo of transistor track each other ewer the 
desired range of temperature, then /, rema.ns essentially constant 

as /i is constant. . 

(2) Diode Compensation for V*-In case of a silicon transit 
-Kmo* n r y. with temperature contributes significantly 

diode compensation for V*. 
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Since V bf tracks V d with respect to variations in temperature, 
it is clear from eq. (3) that I c will become insensitive to variation 
in Vbr. 

EXERCISES AND PROBLEMS 


1. What do you understand by transistor biasing ? What is its need ? 

2. Describe the various methods used for transistor biasing. State their ad¬ 
vantages and disadvantages. 

3. Describe the potential divider method in detail. How stabilisation of oper¬ 
ating point is achieved by this method ? 

4. What do you mean by stabilisation of operating point ? 

5. Define stability factor. Derive an expression for the same for fixed bias 
circuit. 


6 What is meant by thermal instability and stability factor as applied to 
transistor circuits. Explain how the stability factor is improved by pro¬ 
viding various biasing techniques. 

7. Find the stability factor for fixed bias circuit consisting of R b -=\0KQ and 
R e *=250n. Assume p=50. 

8. Derive an expression for the stability factor 5 in a (/) fixed bias and (»/) 
collector to base bias. 

Determine the bias resistor R b for (/) fixed bias and (//) collector to base 
bias for the two circuits. Given 12 volt. /? C =33O0, p«=»100, 7j,*--0 3/»«4 
and ^=*6 volt. 

V — Vk 

Hint. (/) /,,= Quiescent base current = —- 

Kh 

0 3 V Kfc ,=0 7 Kfor Silicon 

Ri, 

= 0-3 V for Germanium 


or 


Rb 


12 - 0-7 11-3 


= 'iZKD 


0 3x10* 0*3 

<") 0 33(I e +r b )+R b I b + V br =V ce -\2 

R,= 330/2 = 0-33 KQ. 
0-33 (/ f +A)+K f ,= K„.= 12 
or 0-33 (/,+ /*) = 6 

Solving wc get /?/,= 18AT/? 


..(I) 


.( 2 ) 


9 - In a self bias CE amplifier. R e =5Kn. R t =9KQ, R^&IKQ, p -50 and 
R e -8107?. Compute the stability factors S. [Ans. : 5*9 2J 

10. A germanium transistor is used in the self biasing arrangement with 
v cc -16Fund R e -z\-5KQ. The quiescent point is chosen to be V et =i%V 
and / C = 4r/M. A stability factor 5 12 is desired. If £ -50, find R lt R* 
and R c . 

11. For the circuit shown in fig. 14 (a) draw the d.c. load line and mark in thf 
(? point of the circuit. Assume silicon transistor. 
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12 . 


13 


Fig (14) 

The load line is shown in fig. 14 ( b ) 

V« 


Hint. 

Here ( V „//= 20 K (A W 


R. + /? 


- . =AinA 




ft. 


ft, !• ft: 


■ = 5K 


K-IV 

/ ' = ~TT 



I ’43mA 


V„-V„-t'iR.+ M 12-85 

... 0.point. >2 8 5V’r43»A if K.-IJCO. 

Find .he value of/, for po« *, (Ans.: 1-5 «M) 

R^WKQ.R-. |0A -‘ ! lirrcnls and Ihecollector to cmiticr voltage for 
Determine the quiescent in sc |f biasing arrangement. The 

a germanium transistor with ? 


V - 201'./? e “2 KS). R e -0-\Kn, R^IOOKO 
and R t ™KtT(b) Find the stability factor 5. 


circuit component values are r ( . 
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BASIC TRANSISTOR AMPLIFIERS 


Transistor cannot be a direct substitute for vacuum tube. 
A vacuum tube is a voltage operated device in which the input 
voltage controls the output current or voltage or both. This type 
of amplifier works best with a constant voltage source. On the 
other hand, transistor is a current operated device in which the 
input current controls the output current. This type of amplifier 
works best with a constant current source. 

The second difference can be made on the basis of isolation of 
input and output circuits. In transistor, these two circuits are not 
isolated; therefore, output circuit parameters will affect the input 
circuit parameters and vice versa. 

Third difference can be made with reference to output and 
input impedances. In vacuum tube circuits both these impedances 
are sufficiently high, while transistor circuits generally have a low 
to medium input impedance and moderate to high output impe¬ 
dance. The current flowing through these impedances determines 
the voltage or power gain of a transistor amplifier circuit. There 
are three basic types of transistor amplifier circuits : 

(/) P ounded emitter, 

(i7) pounded base, and 

( Hi) grounded collector. 

Choice of Parameters : 

The performance of a transistor circuit can be consider in Z, 
Y and h parameters. Z parameters require measurements under 
open circuit conditions, while )' parameters under short circuit con¬ 
ditions. The hybrid parameter h n and h tl are measured with out¬ 
put short circuited, and h Vi and h 2i with input open circuited. It 
is convenient to short circuit the high impedance output of the 
transistor with a capacitor and to open circuit the low impedance 
input with an inductor. Due to this fact, at low frequencies, the 
hybrid parameters are more popular. The circuit analysis is easier 
with Y parameters at high frequencies. The Z parameters are most 
useful in describing low impedance devices. At low frequencies the 
Z parameters arc mostly resistive so we can write Z n =r llt Z J2 = 
r lz . Z 2 i = r 2 , and Z 22 =r. t . The parameters r n , r 12 . r»u an ^ r « are 
known as r parameters. 
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17 1. EQUIVALENT CIRCUIT OF A TRANSISTOR 

(a) CB Circuit. 

An equivalent circuit of a transistor can be traced simply by 
considering the three resistances r h . r, and r t . Fig. 1(a) represents 
the low frequency 7 -equivalent circuit of a transistor connected in 
CB configuration But since a resistive network >s attenuator it is 
unable to amplify the input signal while the transistor do arnp if). 
It shows that this passive circuit is not adequate for the transistor. 
A SffiJr must ’therefore, be represented by an active circuit 
containing atleast one generatoi with the circuit of fig. 1(a). 


1 • 

o-VvWV 

E 


AAAA/V 


INPUT 


OUTPUT 


Fig ! <*> 


O—*-'WWW 

E *• '• 


0—I 


a.. 


-WVWV——o 
C 


I ig. 1(6) 



Fig. 1 (•*) 

• the output of a transistor depends on the 

Since current in i nc rrcni ^cn cra , 0r in parallel with r. must 
current at the input, a xj 1c current generator may be re- 

‘ teT " re “'- ,h " 
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orem. This is shown in fig. 1(c), The generator has a voltage a i,r c 
=r„,i e where r w =ar c , r m is the mutual resistance of the system. 

(b) CE circuit. 

The current generator and voltage generator representations 
are shown in fig. 2 (a and b) respectively. 



( 6 ) 

Fig. (2) 

(c) CC circuit. 

” he T-equivalcnt voltage generator representation is shown 
in fig. 1 3) 



Fig (3) 

17 2. TRANSISTOR AS A FOUR POLE 

Whatever may be the circuit configuration, the transistor may 
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be regarded as a four pole network. Considering a common base 
configuration, the emitter and base terminals may be regarded as 
input terminals while the collector and base terminals as output 
terminals. The four pole representation is advantageous because 
the four pole theory can be applied to the circuit analysis This 
anproach is more important for transistor than vacuum tube as the 

four pole. The currents are taken 
positive when they are entering the .<>■ 
transistor and negative when Icay- r 

ing it. The dots show the aSSl J™ Fig. 4 . Showing the transistor 
positive polarity of the voltage. as a four pole. 

tfass.-srsnsa?.-..- -»* 

following sets of parameters arc used . 



T*AM*ST£* 



(i) Impedance or l parameters 

( ii) Admittance or Y parameters, and 
(iii) Hybrid or // parameters. 

17 3 IMPEDANCE PARAMETERS OR Z PARAMETERS : 

Th i£*2, g xuZiiV, 

ssx3ifS-syw .rs-KpXS 

Writing thctoTil differentials of equations (I) and (2), we have 


and 




...(4) 


ssffSTi? SS^^SffffS 

V,=ZnI i+Z„/= - (5) 

and + 
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or F 8 =Z 2 i A+Z22 / 2 . •••( 6 ) 

Equations (5) and (6) may be represented in matrix form as 



The quantities Z Ut Z J2 , Z 2 , and Z 22 are the open circuited 
impedances and may be defined as 


Z/=Z n =|^j^ = ^=open circuit input impedance, / 2 =0 

_ „ [dv i\ V x 

= open circuit reverse transfer imped¬ 
ance /,=0, ...(8) 

Z/=Z 2 | = |-^|^=^=open circuit forward transfer 

impedance, / 2 =0, 

Z„=Z. 2 = (“^j /i = 7 “ = 0 P cn circuit output impedance, /i=0. 


7. parameter equivalent circuit : 

f rom equation (5) it is clear that the voltage V x results due to 
the flow of current /, through the input impedance Z n and due to 
flow ol current /, through the reverse transfer impedance Z x2 
Similarly, from equation (6), we may conclude that voltage V% 
results due to the flow of current /, through the forward transfer 
impedance Z 2 , and the flow of current 
/•.• through the output impedance Z»,. 

Figure 5 shows a two generator form 
of eqi'iwiient circuit for transistor 
den - irom equations (5) and (6). 
in gi mv al, one generator equivalent 
circuit may be obtained by algebraic 
manipulation of equations (5) and (6). 
tiding and subtracting Z, 2 /, in equation (5), we have 

^-(Zm-Z^/. + Z, 2 (/,+/*). ...(9) 

we have' n add ‘ ng sllb,rac,in ” (Z u l,+Z,.l t ) in equation (6), 



Fig. 5. The Z parameter 


couivalent circuit. 


^=(Z„ - Z,,)/, +(Z l2 - Z ls )/ 2 +z ls (/,+/ 2 ) ...(10) 

lv ,„T bc . on , e generator form of equivalent circuit may be obtained 
win. the help of equations (9) and (10) which is shown in fig. (5). 

maybe C re V DhreHht enCrat0r ° f ° PCn CirCUi ' -Z 12 )/, (fig. 6) 
r (Z --7 ?//7 d ® currcnt generator of short circuit current 

and then The eoui^'l^L •' ‘ nShu , n ' wi,b the in 'P edance (Zn-Zu) 

•■n the equivalent circu.t takes the form as shown in fig. 7. 
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/. tZ\f-Zff) (*n"Zn) I, 


UvZnih 

1* V ‘ 




—f-Uw.’A-4 
| I * | 


Fig. 6. One generator form of Fig. 7. Current generator form 

equivalent circuit of of equivalent ctreut. of 

transistor. ,ransis, ° r - 

Performance of a linear circuit in Z parameters : 

With the help of equations (5) and (6), we have 

Input impedance Z,=^ i =2n-7| 1 ^ 

, 7 V z Z '< l2 > 

and output impedance /, 

Lcl us consider that load impedance Z, is connected across 

the output terminals, then ...( 13 ) 

K* = l'i 


£—Z ^z,,+z„ 


...(15) 


Solving it we have 

h —Zt\ ..(N) 

l\ + 

Thus the current gain A, is given by 

Is ...( 15 ) 

/t< = t ~7- t- Z/ 

The negative sign ap,iears due to the conventional direction of 

n ° W The'input impedance in this case can be expressed as 

l £ £ liZ.il flM 

Z, = Z„ + Zi- ^-/rt z~+Z L ' 

• ..j-npc A can be obtained by looking from 
lhc 0 mp C ut Xina.^ into the circuit. If Z s is the soutce impedance. 

,hen „ , h 

_!=-Z S =Z„+Z„^ 

A. - z ^~ - 

or /. Zn + Zs 

' 7 <I7> 

Z«—Zjj— z +z 
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The voltage gain is given by 

_V t -Z iU Z L Z n 

/K ~Vr Z, ir&n+ZAZi' 

Power gain A r = (£)' 


...(18) 

...(19) 


17 4. ADMITTANCE PARAMETERS OR Y-PARAMETERS : 

In this type of parameters, v t and v 2 are taken as the 
independent variables, while the currents i\ and i t are regarded as 
dependent variables. All the dimensions are those of admittance 
(mhos). The general functional relations are 

/i*=/(r,, r t ), 
k =/(®i, v s ). 


Taking the total differentials as before 



If a.c. currents are employed and operation is over a range 
in which the slopes of the volt-ampere curves or the partial 
derivatives arc constant, then 



h=y,i Vi+y i; v.. 

...(3) 


h = Yn V.+ Y*, V, 

...(4) 

or 

[ £ ]-[?: ER} 

...(5) 


The >' parameters may be dclined from measurement on the 
lour terminal network or from the above equations, by using short 
circuit terminations. For example if 2, 2 terminals be short 
circuited, then V, - 0, and K,, - /,/P,. Similarly, other parameters 
can be obtained. The definition of admittance parameters may be 


summarized as : 

i r 1 

^ ^ - ■_c 1% <\r | • ro 11 • t a /I 1/ H 

~ —snort circuit aammance, v* —o. 

r, ~ r, ‘ iy. 

\ j 

short circuit reverse transfer 

-7 r i * i 


admittance, F, = 0, 

r '- r «-U 

-I = 7 ^- = short circuit forward transfer 

1 / r 2 V \ 

Y =zY — ( L ‘ 

admittance, P 2 =0, 

- | l- i , • . i ... 

V' 

; j ri =-= s hort circuit output admittance, 


^,=0. 
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The two generator form of 
the equivalent circuit for a tran¬ 
sistor derived by using Y para¬ 
meters with the help ol equa¬ 
tions (3) and (4) is shown in 
figure 8. 



Fig 8. 


Two generator form of 
equivalent circuit. 


17-5 HYBRID PARAMETERS OR h PARAMETERS : 

As the t ransistor f has low■ ..p« Ma 

sisssr & iff ms jss 

device and for large signa ) 0 f j m p C dance and admit- 

analysis because ,hey . f “ r ^ selcct( . d I0 suit the low input and high 
tance parameters, and arc selcc ea > 

output impedances ofthe trans - , n , hjs circuil 

Consider a linear circuit shown > S-( K , whi |e output 


voltage and current are 
shown by v t and /». Con i - 
dering the standard con- 
ventions. the currents /, 
and /, arc assumed » flaw 
into the box. The input 


■f ► 1, 



o- 

LINEAR 


V| 

CIRCUIT 


o—- 




Fig- 9 


ana ouipui lhc upper wnnciuwsi . .- 

v« are assumed positive fr? jf (hc vo ltagcs arc ot opposite 
To analyse a partjcuhr «r»m « £ ^ they are Ircate d as nega- 
polarily or currents M»w oui 

,iVC Hi:to , and ,• are chosen a^enden, ^riab.es 

hcncc ,hcy are 

as hybrid parameters, ^ 

!,=/(/,. Vi). 

Taking the total differentials : ... ( |; 


, (in) di.+ l-Ph dv ‘ 
dVl= \Sr,)vt 1 \ d yh 

j: -(Zii\ di, + (^r): du -- 
d, 1 ~\dii}»i \dvi)n 


Again, we have 


ti,=/r,i i‘i+*n Vt ’ 

h+htt °* 


...(I) 

...( 2 ) 

...(3) 

...(4) 


ttybridLucans ••mixed"- 
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or 


pi 1-Pi* HP 1 ! 
UJ Uh\ ^*2JL^2 J 


...(5) 


In eqs. (3) and (4), h’s are fixed constants for a given circuit 
and are called as h parameters. When these parameters are 
known, eqs. (3) and (4) can be used to find out the voltages and 
currents in the circuit, ft is clear from eq. (3) that h n has the 
dimension of ohm and h vl is dimensionless because R.H.S of the 
equation must have the unit of voltage as the unit of L.H.S. is 
volt. Similarly // 2I is dimensionless and h 2 a has the dimension of 
mho. The h parameters can be calculated as under : 

If wc short-circuit the output terminals of fig. (9), then v 2 =0. 
From eqs. (3) and (4), we get 

fi = //n f'i+/'isX0 •••(6) 

2 nd /,+/i 2l x0 •••(7) 

//ii=/// = ti//i for r*=»0 / e.. output shorted 
and /i 2l ss/f/-3/ # //i for r 2 =0 i.e. t output shorted 

Here h tl is the ratio of voltage and current (impedance) and 
hence h u is called as input impedance with output shorted. Simi- 
larly, h 2 i is the ratio of output and input currents />., it will be 
dimensionless and called as current gain with out put shorted. 

Let us now consider that input terminals are open i.e. /'i=0. 

Now 


and 


«i=A,iX0+//,* Vi 

'W/*,xO + // 22 v 2 


...( 8 ) 

...( 9 ) 


A.t-- 1 

Vi 


h l2 =h r = — for /j=0 i.e. input open 

v t 

So that h parameters arc : 

short circuit input impedance, t**=0 

open circuit reverse voltage ratio i\=0 

u 

short circuit forward current ratio r 2 =0 

/ *2 

/,3 2 -“ = °P en circuit output admittance, /,--= 0 
hi 2 =h Q ~ijv, for /,=0 i.e., input open. 

i ,•/,/.' S di ?. cn . sion,ess and is called voltage feedback ratio 

a u i iT"' S,milarl >'- /'*i ''as the dimension of admittance 
and is called as output admittance with input open. 

first letter* 0are in different configurations. The 

thc P art ' cu l ar parameter input, 
P , reverse transfer or forward tarnsfer, the second describes 
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the transistor configuration. For example, in common base follo¬ 
wing hybrid parameters are used : ///*. h,b, hfb and //„*. birri la y, 
. 6 J r mnfioiiMiinn are li„ h lc . Ii/c 


W 1 UK uyuiiu paiumvww.j — ~--- 

h parameters for common emitter configuration are 


and h 


of- 


h-parameter equivalent circuit : T Kk 

The h parameter equivalent circuit is shox VV‘" ,g * 
circuit is derived from the following two equations . 



fig. (10a). h-parametcr equivalent circuit. ^ 

t>,. .„roT^« * t^rsis?£r « 

output circu, r '' an d a shunt resistance At*. 

cur,t T “‘‘1U i.««■> “S 

SScI tirS.SK N«u» “™“ 

8 '”T»'r.CiS' s° w 

BSEi* rs ss s- " 

output terminals as shown in fig. (»») 



Fig. (106). 
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In terms of h parameters, we have 

Vl =h n ii+hittt - 0 ) 

and t 2 =hn fi+fos v 2 —V ) 

From figure./ 2 = — t- 2 //?L . * . ' 

Here negative sign is used because the load current is opposite 

to the direction of i%. 

(1) Input Impedance. . _ . . 

The input impedance Z,„ of the circuit is the ratio of input 

voltage to input current, 

Z.n-vjit 

Substituting the value oft>i from eq. (1) in eq. (4), we get 


^ hnh+hiti't _ L , hitvt 

Zm= --rtll-t- 


...( 5 ) 


Zi„ = h\\ 


Substituting the value of i% from eq. (3) in eq. (2), we get 
—21 ii+hti * 

Solving we get 

Substituting the value of vt/ii from eq. (6) in eq. (5). we get 

7—1, / Q \ 

Zn-lhi- hit +(\iR L ) -w 

(2) Current Gain. 

The current gain A, of the circuit is given by 
Ai = h!i\ 

From eqs. (2) and (3) 

IfWl21 I| + /l2t (“4 E L ) 

U (1 +/i22^f.) = ffci 
7/21 

i’i I + htiRj* 

A,=—!hL— -( b ) 

(3) Voltage Gain : 

The voltage gain A a of the circuit is given by A 0 =v 2 lvi 
Now A v =v z lv 1 =t hltilZin) 

From eq. ( 4 ) 

a -hi 1 _ ...(c) 

• Zh {*»+(!/*.)} 


/fi= 


...(c) 
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Fig. 


17 . 6 . with emiuer groundcd is 
The circuit of P<Nr lyv 

; r itJ 12 (fl) 30d 1“ \D)' . __ . I r\r\li(*r 

shown in ng- 


I ne circun - r- , h \ 

is 8 a drWen^'emcn.' and the input signal is apphec 
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Fig. 12 (a). PNP grounded emitter transistor-amplifier circuit. 

between the base and emitter. 

Output signal is drawn between 
collector and emitter. The 
emitter is biased in a forward 
direction by the voltage V t E and 
the collector is biased in a reverse 
direction by the voltage V c c. 

We have seen in chapter 6 
that a small change in base cur¬ 
rent, due to input signal pro¬ 
duces a large change in collector 

current which is responsible for the amplifying action of a gro¬ 
unded emitter transistor. 

Suppose a positive signal is applied; then its polarity will be 
opposite to that of Vee • Consequently, bias voltage Ve d ec * 
reases and causes a decrease in emitter and base currents The 
decrease in emitter and base currents produces a decrease in the 
collector current with a corresponding decrease in the output volt¬ 
age developed across R L . As a result, the potential at the collec¬ 
tor, with respect to ground will be negative. By the same reasoning 
a negative input signal will increase output voltage. Thus the 
input and output signals are 180° out of phase. 

Now we shall proceed to calculate input resistance , output 
resistance, voltage gain and current gain of the transistor, in the 
amplifying circuit. 

(a) Mathematical analysis of common emitter amplifier using 
r parameters : 

Fig. 13 (a) show's the one voltage generator equivalent circuit 
a common emitter transistor treated as a four pole in r para- 
^ , e L 3 ^ shows the one voltage generator equivalent 
ircuit derived on the basis of processes involved in the transistor. 
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B + 


V* 

I 

I 


I 

6- 




o-*- J WVW'— —'VWW (~) +c 
T '* u..-n 2 ) (f w r,2> I 


f «2 


I 

V« 

I 

I 

I 


Fi R . I) (a) one voltage generator equivalent circu.t 
of common emitter transistor. 



In practice r c >*. »" d f " 

(AJ-nrOT - * 'v'- a J 


(ii) Input resistance. 

r _^. Dividing eq. (1) by h. we get 
r '~h 

lb 
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or r,=r b +r,(l + At) 

Substituting the value of A, from eq. (3), we get 

c mot] 

Tc+Rl 


or 


ri=r b +r e 


[ 


] 


...(b) 


w r c +r e —r m -\-R L _ 

It is observed that input resistance is high for low values of 
load resistance and goes on decreasing with the increase of load 
resistance. 


(iii) Voltage gain 

V V„~-I t R,. and V hr =I„n 

v hr IbTi 



(r,— r m ) Rl 


(#V+i>— r m 

\-Rl) X [ . r,(r,+R L ) 

rh ' r _Lr _r -J R, 

...(c) 

(iv) Voltage gain 
y 

( 4 \ c * ' e 

with signal. 


Vto + Vs 



(v) Power gain. 

r, -F R s 

...(d) 

A .. =^s A v A i 

Rl 

...(e) 

n p — /Tj A /i l — 

0>-f 

M/V+ r l) _“| 

r,+r e —r„4-R L J 



(vi) Output resistance. 



From cq. (I), wc have 
Vb,=h(r h -\ r r ) 4- l t r, 

/s(r„+r,)+/.r, V - R s l b 


A 

lr 


r. 


(r„ + r e + R s ) 

From cq. (2) 

^ rr = (/v— r, n ) //.+(/>+#>— r m )I, 
Y CI . j 

Jf = ( r * ~~ r m )-j + (r, +r r — r,„) 


...(5) 


or 


we g c“ bStilUline !he va,ue of from «!• < 5 ) in this c <l uation 
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r *““7f~ (r ' rm) [” r b +r,+ Rs ] 


-■ o .+(r«-r,-r m ) ...(f) 

- .■*+** J 

(b) Mathematical analysis of common emitter amplifier using 
hybrid parameters. 

We know that hybrid equations are 
vi = //n 4+^ii r* 

4 —^21 /,+//22 v 2 •••( 2 ) 

Here currents ft. 4 and voltages r, r 2 are incremental quanti- 
fI> , If the source voltage is assumed to be sinusoidal, these 
quantities are°replaced by /,. /, and K„ V.. The above equat.ons 
(1) and (2) can be written as 

Vx = hie il+hrr v t 

an d i,+h„, »t 


.(3) 

..(4) 








..(5) 

..(6) 


Fig. 14 

The second two equations needed are 
i*i=es—4 Rs 
^ ^ 

(I) Current gain : Let us eliminate 4 from equations (2) and 
(6). This gives i 

0=/4, 4 + v t | h t * + 

_^21 4_ 


or 


or 


As .+ 


1 


t>*= —4 


An 

/T22 * 

Putting for v 2 from equation (6). we get 

. o / /f «‘ Rl 

-/2 *L=-I IT 


..(7) 


^ ~~ f * - 
*1 


i*i #l+ I 

-/i 2 . 


—A a- 




#l //22 I h„e 

(ii) Input Resistance : Putting equation (7) in equation (1), 

we get 


/ 


Rr.h 


\ 
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ti = /i 


. h n h 2 * R'.+hn Rl 

ri Rl 1 

Vi Rl (he h oe — h re life) + hie 


...(9) 


V’» - 

0r RU ~~, ' /lori?t+l 

Rl A 4 -h te 
h oe Rl+ 1 

where A=(he hoe—h,, h(f). 

Input resistance interms of current gain : 

We know that 

V i = /'i + h, e Vt 

or Vi=h le i\ h r e h Rl 

or t>i = hie i\ 4- Aie i\ Rl h, f 

• Rle = T" = hlr 4" h r e Ale Rl 


...( 10 ) 


vi=—h Rl 
A, e -=’-hlii 


■ I 

(iii) Voltage gain : From equations (9) and (7), we get 


v > _ hfe Rl _ 

AvC ~~v^ = ~ R L (h,c hoc-h/e h,e) + he 

Voltage gain in terms of current gain : 

Vj _ —ij Rl Airji Rl 

= n “ 

At,- Rl 
Avf ~ Rie 

(iv) Power gain : It is given by 

/!„■=( ^ +1 ) (“35“ 


...( 12 ) 


..(13) 


A p>— Air A. 


\ / Rl h 2i \ 
I \ R L A+hil 


(1 +/»22 Rl) (Rl d + //n) 

_ ht* Rl v 

(I A-h 0 e R l ) {E l A + h tr ) * •••('*) 

(v) Output resistance : For the calculation of output resis¬ 
tance, we have to transfir the signal generator to the outp 
terminals (fig. (15)]. The equations arc 

Q=(Rs-\-h\\) t\"Yh\i v>, 
ii=h+\ i i 4 ho* t‘ ». 



Fig. 15. 
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Substituting /, from first equation into second, we get 

h\i h *I I'i , # „ 

'2=- JT~Z7t - +/,M ' 

Rs+h\\ 

V* +A|l 


or 




(/?s+An) //»—A** Aji 


/?s+An 


As Am+4 

As+Air ...(15) 

The output resistance ^°can also be calculated in the following 

^Thc output admittance is given by 

v,.=— with es=0 
*'2 

But ii—ht, ii+A-r 


Y u . ~hf, ± + h 




or 


From figure we have 

* s /,+/»/. /i+*.' •*-° 

/, _ 

r s A^+As 

life h r . 


(V c 5 =0) 


r - ==// " A,, + A 5 


r I /f*. — hie h„ hi. +RsV' 

or ?** Merino source resistance R 5 . The actual 

(vi) Voltage gam considering amplifier is Hence the 
voltage applied to the input of the p 
overall voltage gain is given ny 

>•, V-2 r l __ A Li- ...(16) 

(A )s~ ~~*^*' —— /»«*■• ^ 

Corresponding 6 !*. Z £* — ° f *' “ 

given by 

e s R,<_ .-(17) 

r ' = /fc+*/. 

A,v_ ...(18) 

Hence (vV/s-^/fc-l-A/,. 

then overall current gam is given by 
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. __ i s Rs 

Now '^Ru+Bs 

(A, t )s=A,c 

If /?s=co, then (A, e )s=Aic . 

The subscript « afBxed to each parameter indicates that these 
parameters belong to a common emitter transistor. 

Important formulae for common emitter transistor amplifier 
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1076 


— (—88 47) 80u+ ,ot6 

= -5075. 

(v) Overall current gain {A lr ) s =Aic Rs + p.~ 

800 

= (-47-6) g00+I076 
= -20 30. 

(iv) Output Resistance /?*.•= I/K* 

v _ bhJi'i- 

where hi.+^s 

50 x 2'5 x 10-* 

— (25x 10- )-jiioo+XOiIj - 

— 18 42 x I0"‘ I? 

'_ 

18 42X 1U-* 18"42 

= 54 3xlO a .O 

(vii) Power gain~A„ <J? 6> 

17 7. COMMON BASE AMPLIFIER: , . 

... nrmmdcd base IS shown in fig. 16. In 
PNP transistor w, ‘ h *• d clcmen , and the input signal is 
this circuit, emitter is or. base . , he ou , pu , signa | IS pr0 . 

>»“■ Th “' iht ta “ ,s ‘“ mo " 







iv/vr 


OUTPJi 



i Vcc 


Fig 16 PNP sro undcd basc ,ransistor amplifier. 

t u in nut and output circuits. The emitter is biased in 
to both the mp” 1 * n . he vollagc y BB and the collector is biased 
forward direc .on by fhe ^ ^ The input distance ol 

jn a reverse directio whj|e outpu , rcsistanC e ,s very high. 

' he ‘n is obvious from characteristics (chap. 6) that a small change 
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in emitter current, due to input signal, produces large change in 
collector current and hence the greater output voltage. I his ex¬ 
plains the amplifying action of grounded base transistor. 

When the input signal is positive, its polarity is the same as 
Vbb\ consequently the bias voltage V B will increase and causes an 

increase in emitter and base 
currents which, in turn, will 
increase output voltage. Thus 
input and output signals are 
in the same phase. 

Now we shall proceed to 
calculate the input resistance 
output resistance , voltage gain 
and current gain of this ampli¬ 
fier circuit. 

A simplified common 
base amplifier circuit is 
shown in figure 17. 

(a) Mathematical analysis of common base amplifier using r 
parameters : 

Figure 18 (a) shows the one current generator equivalent 
of common base transistor using r parameters while figure 18 ( o) 




Fig. 18. (a) One current generator equivalent circuit of common 
base transistor as a four pole. 



Fig. 18. ( b ) One voltage generator equivalent circuit of common 
base transistor as a four pole. 
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shows the one current generator equivalent circuit derived on the 
basis of processes involved in the transistor. 

The input and output circuit equations are : 

V fb =r<I<+r b (-/*)=r,/,-i-r 6 (/. +/<) 

(V /.+f. + fb= 0) 

K <6 =(r,+r 6 ) I<+r b lc 

V (b =rJc+rJc+r b (A+M 
V cb =(r m +r b ) /. -H'-c+'V.) l< 

Further V lb ——I<RL 

_/ 4 /? L =(r m 4r/,) h-r{r,+r t ) l c 

( r,n+r „) L = -l< (r<+r b -\-X l) 

(1) Current gain 

A_(//,. + f rom C q. (3) 

/,. r, +r h +RL 


or 


or 


or 


Ai 


...d) 

...( 2 ) 

...( 3 ) 

...(a) 


(2) Input resistance. 

y.h 

r ' = /, 


(*+*)+'•</./« fr°m eq. (1) 

rh.(r„-\r,) 

(r, + r 6 )- r l(+fh +R L 
r b (r. -r„+ Rl) 


...<*) 


Variation of Input 
resistance with load resis¬ 
tance is shown in fig- 1 '• 
It is obvious from 
figure that the input 
resistance increases with 
load-the increment ocov 
small for low value ol load 
resistance while large for 
higher values. 

(3) Voltage gain. 

Ye -I.Rl 
l,r, 

ri 

r„,+r b 


i — — - 



Fig. 19. 


r c + r *+^ 


_ 

r ft 

J 


|/' + r t +r. + «; 

(r m +r b ) Rl _ 

= Hv+^F l i +* +r b J 


(<•) 
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The variation of voltage 
gain with load resistance is 
shown in fig. 20. 

(4) Voltage gain with source. 

... _ V* (VcJVcb)- Vc» 

V eb +V s 

_ A v nl e _ A v .ri , 

-rJ'+RsIc'rt + Rs "' w 



(5) Power gain. 

n 

A P =A V X Ai— + —^ 


tc? io> W* 
Load resistance 
Fig. 20. 


(■ A -— A ‘rr) 


-A? Rl _ 

_ . il’c—l'm+ Rl) 
S+VhSt 

(6) Output resistance. 

_ Vcb 

lc 

From eq. (2), we have 

Vd>=(rm+r b ) I f +(r c +r b ) I c 

r -r —(r,n-\-r b ) j-+{r c +r b ) 

J c *c 

From cq. (1), we have 

Vcb=(r, + r b ) /,+r 6 / c 
— Rslc=(rc+r b ) It-\-r b Ic 
or -(Rs+re+r b ) I c =r b I c 

. 7 - - _ 

Ic ir,+r b +rs) 

From cqs. (4) and (5) 

y cb_ (r m +r b ) r b 


...(e) 


...(4) 


•;V eb =-R s Ic 


...(5) 


r c +r b +r s 


+(r c +r b ) 


r - v <*> (r , r X n,(r m +r b ) 

° T c -^+^-^+F b + Rs ) 


...(f) 


(b) Mathematical analysis of common base amplifier using 
hybrid parameters 

Hybrid equivalent circuit of a common base transistor amplifier 
is shown in fig. (21) 
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i, tu 




V?0 V | 4 * f p 


fcl 


Fig. 21 

The equations are (1) 

Vi^hib ii+lUb r* 

i t =h f > /.+/'* ^ 

The second two equations needed arc . (3) 

vi=e t —hRs ( 4 ) 

„ , „ 9in tfi= Ut us^eliminatc k from equations (2) and 

(1) Current gam . »-<■ 


0=////.'i+( /, -'* + /?J '• 


— hail 


"> 4 J 


Putting 


= ^7' 

ing for e, from equation (4). we get 
° h/b Kl m 

— J-/!^ /?£. 


...(5) 


Therefore current gain 

-fr = -(a) 

1+hobRi 

( 2, ,„put Resistance : Putting equation (5) in equation (I), 

WegCl llrbll/b^L \ 

v '= , '[l ,,b '\+ho b R L ) 

. h ll ,+h ll Ji.*RL-lhblbbl<L .. ( 6 ) 

= '> l+// ob /?L 


f, /?L (llibhob — ltfbllrb) 4 hib 

1 A-tlob^L 

R lA 4 * htb t 
~ 1 +hobRL 
j =(hibhob — hfbhib)- 




where 
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Input resistance interms of current gain : 

We know that 

= i 1 "P kre v 2 

or Vi —h lb ii—hrtizRi. v 2 

or t'i=h.b i\+Atb ixRUhb V A\b— 

/?//»=t-“ = hib~\~h r b Aib Rl 
l \ 

(3) Voltage Gain : From equations (5) and (6), we get 


A^f 

Vi 


—hf b Rt 


h,b+RtA 

Voltage gain interms of current gain : 

t* t —URl AibiiBL 


— IiRl 

-itlii 

...(c) 


or 


A *~t 

. A.hRl 

a *—r7 


Cl 


t’l 


...(O 


(4) Power Gain : It is given by 

Aph=AibA v >, 

h*fbRL 


(\+h,bRL\(hib+Rt4) 

(5) Output Resistance : For the calculation of output 
tancc, we have to transfer the signal generator to the output 
nals. At the same time, we place only Rs across the input 
nals fig. (22 1 . 

I' 


...(d) 

resis- 

termi- 

termi- 




Thc equations are 

0 =(Rs+hib) i\-\-h,bVi. 
i’i ~ hfbii -p hob r i' 

Putting i\ from first equation into second, we get 
<l= ~ Vt+l,obVl 


or 


ft ob = }j_ =_ RsA-llib __ 

h (Rs+hib) h ob —hfbh,b 
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Rs+ hib 


Rs hub + htbhob—hfbhfb 

_ Rs+hjh . . 

Rshob+A *” () 

The output resistance can also be calculated in the following 
way : 

The output admittance Y ob is given by 

Y„b=- withei=0 
v t 

But it=hfb /'i + hcb c* 

Yob=hfb-j- + hob 

But R s i\+hib i\+h lb r-=0 

i\ _ hth 

or it hib+Rs 

. v I. h t h hrh 
I oh 


(V es=0) 


or 


lob 

1 

Yoi, 


hib+Rs 




• ™ L 

(6) Voltage gain considering source resistance R s (overall vol¬ 
tage gain) • The overall voltage gam of the amplifier is given by 

c^-S-W-^2 - (/) 

corresponding to input impedance *». the value of * is given by 

es R‘/' 
r '~ Rs+R» 


Rib 

Hence iA+)s~A* R s -\R, b 
i f Rs^-0 (Au,)s=Aj> 


■(f) 


(7t Current uain considering the source resistance R s (overall 
current gain): Let a current source i 5 with internal resistance R s 
beat the input side, then overall current gam is given by 

S t. 


^=H =A,b -i 


Now 


If 


is Rs 

(Aib)s=dib- 


Rs 


Rs + Rlb 
(A,b)s= OD * lhen (Aib)s=Ai b . 
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Important formulae for common base transistor amplifier using 


Quantity 

Expressions 

Current gain 

A ib = - h/bl(hob Bl+ 0 

Input resistance 

Rib=hib-\-h,b Aib Rl 

Voltage gain 

A u b=Aih RdRib 

Power gain 

Ajb = A v b-Alb 

Output resistance 

Rob=[hob—h/b hrblihib+Es)]- 1 

Overall voltage gain 

(A vb )s='4vbXib/(Rs+R/t>) 

Overall current gain 

(A ib)s=A ib .Rsl(Rs + Rid 


Example 1. A common base amplifier is driven by a ™ l, °* ees 
of internal resistance R s =!KSi. The lead impedance uarttuwr 
R l =\KQ. The transistor parameters are : h lb =22U,h rb -***■ 

-0 98 and l,„,=0 50 pA/V. Compute current gain, vo'tag 
gain, overall current gain, overall voltage gam, input res 
output resistance and operating power gain. 

h(b 

(') Current gam 

(~ 0 98 > — ^0 98 

~(0*50x 10" 6 x I0 3 -H) 

(ii) Input resistance /?,/»*= fiib+h,bAibRL 

= 22-M2*9xl0 4 ) (0-98) (10 3 ) 

= 22-28 Q 

(Hi) Voltage gain A^ — A.h RdR* 

098 xlO 3 


22*28 


= 43 99 

Bib 


A\ib _ 

(/v) Overall voltage gain i A vb)s=A v b- j^rg^ 


22*28 _0'96 

= ( 4 3-")Hjq^88-° 96 


2?. 


(v) Overall current gain = 


_ m . 98 x _22!_x=0-98 

-(0 98 ) 10 3 + 2 2*88 
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(»•/) Output resistance R„b = [hob—hfbAbi{hib+Rs)]~ l 
-[0-5 
= 1-28 M.Q 

(v/7) Power gain = ,4„*./4.6=(43'99) (0'98)=43T1. 

17 8. GROUNDED COLLECTOR CIRCUIT : 

A grounded collector transistor amplifier circuit is similar to 
cothode follower in vacuum tube amplifier circuit. Figure (23) 
shows a grounded collector PNP transistor circuit. The collector is 
atac ground, while d.c. ground is prevented by means of a 
capacitor (not shown in fig ) or in other words, collector is 
common to base and emitter for a.c. signals. Emitter is biased in 
forward direction by the voltage V EE and collector is biased in 
reverse direction by the voltage Vcc- 



J 1|^ our pm 




V,c 


Fig. 23. PUP ground colleclor irnnsistor amplifier circuit. 

tu„ cional will vary base current about its average value 
i • n h same variations of greater amplitude in emitter 

W " iB b ‘ la *« in varia,i °" ,ha " 

inPU When Jl ,nput signal is positive then bias voltage Vc will 

increase because of Che polarity of input signal and that Vcc being 
he same Duc to increase in Vc. the emitter and base currents 
Will decrease Consequently, the output voltage across R L will 
decrease or in other words the potential at the emitter will become 
fclatively more positive with respect to the collector. In a similar 
manner the negative input signal will make emitter less positive 
with respect to 8 collector. Thus we see that there is no phase 
reversal between the input and output signals. 

In this type of amplifier, the value of load impedance applied 
in the circuit is determined by its input impedance. Because of the 
low value of the required output impedance, the voltage gain is 
always less than unity. 

Now we shall produced to calculate input resistance , output 
resistance, voltage gain and current gain of common collector 
amplifier. 
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(a) Mathematical analysis of common collector amplifier using r 
parameters . , he one vo i, age generator form of 

equivalent c rcuit of a common collector (i) treated as a four pole 
and (d derived on the basis of the processes involved within the 
transistors respectively. The equivalent circuit is obtained simply 
SSigl'TSL of emitter am and collector arm m . 

common emitter amplifier. 


•t, tei-'tz) 



Fig. 24. One voltage generator equivalent circuit of common 
transistor treated as a four pole. 


AA/VW—$ 


fm i 

I 

__5 

Fig. 25. One voltage generator equivalent circuit of common 
collector amplifier derived on the basis of processes 
involved in the transistor. 

The network equations arc 



Vbc=rbh+re {Ib+lt)—fnJt 

or 

Vbc=(rb+rc) Ib+{rc— r nt) le 


V cc =r e I,-\-r L ( lb"\~le) r m l c 

or 

— lcRL~ r de-\-r c (/ft+/c) — r„Je 

or 

rjb= —lc [/?L'T _r « + r c _ " r m] 


(1) Current gain : 

A le Tc 

1 h /v+r c — r m -\-R[, 




...( 1 ) 

...( 2 ) 

...(3) 

...(a) 


(2) Input resistance : 



=( r b + r c ) +(r c — r^Uc/h) 


[from eq* (1)1 
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or 


or 


Mn+rch (r.-r„) [- 
r e (r r — r m ) 


ri=r b +r c - 


r. - + r, -r,„+ Rl 




(3) Voltage gain : 

* " 








/{, n 

*7 


/\ + r t — r„ + At 


_*£._ 

r> ( r C r m) 

L"' ' V r t +r c —r„ + Rl\ 


_ r f Rl __ 

= [rb+r,) (r c +r,—r„ + RL)—r c (r, — r m ) 

(4) Voltage gain with source resistance : 

V" (VrriVk c) V* _A.nl,, 

(A,.)s " y hi .f. y s ~ Vb, -F Vs n 4+^W 
/*, r, 
r,+R s 

(5) Output resistance : 

Vr. 

r,, “ c 

From equation (2), 

J/., »#>/*+'' 

-”mr. y + (r, —r,—r„) 

it *' 

From equation (I), 

V,. t -=(rb + n) lh+{r<-r M ) l e 
—/fr/?5»(^+ r *) l>‘ + (r,—r m ) /.• 

-f,.(R s n. r.)=(r,-r m ) /. 

I,. _ (r.-r m ) 

/. (r fc +r r -F/?$) 

From equations (4) and (5), we get 

. Cf (r f fin) 
r „='r,-r ( -r m ) . | r f +« 5 ) 


...(0 


•■■(</) 


...(4) 


-.(5) 


...(e) 


. Mathematical analysis of common collector transistor 
using hybrid parameters : 

Hybrid equivalent circuit of common collector transistor 
amplifier is shown in fig. (26). 
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iu hu 


tr, krfr' 




hfC 1 ' 1** 


Fig. 26. 

The equations are 

v'i=hi(ii -f h r( u> 

/*= h/c i i hocVt 

The second two equations needed are 
v\ — es—i\Rs 

v,= —i>R L 

(1) Current gain : Let us eliminate i x from equations 
(4). This gives 

0=/»/,/,+ (/lnc + ^) 

—IlfA 

or 

. h fc Rl 
1 l+/i„ f Rl 

Putting for v* from eq. (4), we get 
. h/, R,. _ 


...( 1 ) 

...( 2 ) 

...(3) 
...(4) 
(2) and 


...(5) 


— i,Ri.=—i t 


1 +/(„. Rl 


^ hereforc current gain is 



. —/a —hfc 

...(<>) 


Au ~ /, ” \+h oc R L 

in equation (1). 

(2) 

Input Resistance : Putting equation (5) 

wc get 

. /. HfXcRL \ 

‘' •' r r i +h. r R L ) 

. /lit -f hlchueRl .— hfchrrRl. 
\+I<o,R l 

...(6) 

so that 

P *’l Rl&-\-/IIc 

...(*>) 


” ii~\ + hocR L ' 


where 

A = (hlehoc — hfchrc) 



Input resistance interms of current gain. 
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Wc know that 

Pi — hi.ii +hrcPi 

or i’i = /in ii—hrehRL 

or *j=/// r /’H* Au 'iiRl h, c 


v 2 =-i 2 R L 
Ai e = — hlii 


• Ri c =z 'r- = hif-{ m h r r Ah Rl •••(h) 

h 

(3) Voltage Gain : From equations (5) and (6), we get 

. -‘2-. ...(c) 

“ r, A 

Voltage gain interms of current gain 
v± — 1‘Rl AifiiRt 
AvC= 7 x =X vi r« 


or 



A a( 


A i, Rl 

Ric 


Power Gain : It is given by 


Ai, A, 


IP/cRl 


(1+//., RlMu+RlD 




Output Resistance : For the calculation of output 
a lC c. we have to transfer the signal generator to the output 
terminals. At the same time, wc place only R s across the input 
terminals fig- (27). The equations arc 



Fig 27. 

0=(7?* + //, f ) i\+hrc rt 
it- hft /|+Aor Pt 

Putting /i from first equation into second, we get 

h/JbcVt 


h = — 


(RsA~h, t ) 


+ hrc't 


or 


Roc=? = 


Rs+h/c 


it (Rs + hlc) h rc — hfehre 
Rs *F hie 
Rsho C -\- A 


...(c) 
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The output resistance can also be calculated in the following 


way : 


The output admittance Y oc is given by 


But 


But 


or 


Yoc=- f with e s =0 

t *2 

h=hfch + hoc v 2 
Yoc = hfc "7 -\-hoe 
Bgii-\-hibii + hrbVt=0 

fl —krc 
vt hc+Rs 


(V e s =0) 


Yoe = hoc- 


or 


hfc hre 

liic+Rs 

life hre T 1 






(6) Voltage gain considering source resistance (overall voltage 
gain) : The overall voltage gain of the ampliher is given by 

( A \ v * v i _ a v 'i 

tj 

Corresponding to input impedance R, e , the value of ri is 
given by 


Hence 






-(/) 


/?S T /?/r 

If *S=0 {A«) S =A« 

(7) Current gain corresponding the source resistance R (overall 
current gain). Let a current source /$ with internal resistance R$ 
be at the input side, then overall current gain is given by 


M,c)*=T-7— 


Now 




/. /* 

'sRs 


h 

! s 


( Ai v ) s =A ic 


Ric+Rs 

Rs 


Rs 4- Ric 


... (g) 


If /? s =CO, (Aie)s = A, e 
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Important formulae for common collector transistor amplifier 
using h parameters 


Quantity 


Expression 


-In—W(****+1) 

Ric=hic+hrcAuRL 
A 9 c = Aic R Ll R ic 
A r c — ^vC Ale 

Roc =[ - hfchrtl ( hic+Rs)]~ l 

{A 9 < )s=A 0 cRJ( R s+ R ‘J 

(Alch — Aie R sl( R S + R ic) 


Current gain 
Input Resistance 
Voltage gain 
Power gain 
Output Resistance 
Overall voltage gain 
Overall current gain 

„ i—---.. ^lUnnr amplifier is driven by a voltage 

Example 1 . A common f d inipe( j ance is a 

es of internal resistance «'JJ L por ‘ me , e rs are : h, r NKO, 

resistor /?r.= l , , __ 2 5*41V Compute current gam, voltage 

h " =, ' h,c 2 i'°" age gain - i,,pui res,slance ' 

Sul 'resistance and operating paver gan^ ( _ 5[) 

(i) Current gain + |)" (25x 10-*)(I0 S )+1 

•• =50 86 x10 s # 

A,.R,._ 49 76 (I X I0 ») 

(iii) Voltage gain A«- Ri 50 86x 10 s 

=098. 

■ \ A « R,e - 

(iv ) Overall voltage gain ('V)s-/j s+ * lr 

n 98 x (50 86 x 10 s ) 

_ 10>+(50 86 x10 s )" 

=0 96. 

R s 

(y ) Overall current gain (A,c)s=A, e Rs + R ~ 

K . I x 10 s 

(/f/c)s=C49‘76) (i x io>) + (50-86xl0 3 ) 

^096. 


738 


Hand Book of Electronics 


(vi) Output resistance R 0 c=[hoc—h/Ji,cl(hic J rBs)Y 1 

(-5IXD 


= ^25x 


io-‘ 


i-ixio*-t-io» 


r 


=41*17 X 10 3 /? 


(vii) Power gain A pc =A v c-Ai c 

=(0-98)(49-76)=48*76. 


17 9. COMPARATIVE STUDY OF THREE TYPES OF 
AMPLIFIER CIRCUITS : 


Property 

Common 

Emitter 

Common 

base 

Common 

collector 

i 

Transistor 

resistance 

Output resistance 
of the transistor 
is of the order of 
50Kfl and input 
resistance is 1 to 
2K ohms. 

Output resistance 
of the transistor 
is very high, of 
the order of 1 to 

2 megohm. Input 
resistance of tran¬ 
sistor is very low 
of the order of 20 
to 50 ohms. 

Output resistance 
of the transistor is 
very low. of the 
order of 100 to 1000 
ohms. The input 
resistance is very 
high of the order of 
150 K ohms to 600 

K ohms, 

Current gain 

Large current 
gain 20 to 200 
(9) 

| 

r 

Approximately no 
current gain, 0 85 

to 0 995 

(«) 

Current gain is 
high 20 to 200 
(l+P) 

Voltage gain 

Very high 

high 

Voltage gain is 
always less than 
unity 

Power gain 

Highest Power 
gain 

1 

Moderate 

1 

Power gain is less 
than other types ot 
circuits 

Phase of in¬ 
put and out¬ 
put signals 

Input and out¬ 
put signals arc 
180° apart 

No phase reversal 

No phase reversal 


From the comparative study we conclude that common emitter 
amplifier is alone capable of providing both current gain and 
voltage gain, hence most popularly used. 


Example 1. Obtain a correlation between r and h parameters. 
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The r and A parameters equations for the same two part 
networks are 

-Ki th\ ...(1) 

-Kss hf 

...( 2 ) 


and 


ri=rn fi-r 

Vi=r*i /i+r ; 

ii=/r„ ii+lht *'-•) 
h = /h 1 /'l + ^22 r 2j 
From eqs. (2) 

—//ii /i= — Vi+hn r 2 

U—h 2i *i 


Hence /•» 


—An it 
ij —hn i i 

An 

h,. 

— A,, A 22 /'i—A| *it+hiilttiii 

-1 

hr. 

-hr. 

0 

hr. 



i*i = 


Similarly 


lift 

— 1 //nil 

0 it ~^2ih 

— 1 A|* 

hr. 


or 


0 

lh\i\ + i: 

r '~ —aT" 

/, n /,,,. -//|JA-1 
hr. 
h\ z 
hr 
__lh i 
hr 

1 


—ir\-h,\i\ 
—/|J2 


r:i 

/•12 

r-ii 

r 2J 




...(3) 


/f]t 

,710 CURRENT AND VOLTAGE AMPLIFIERS: 

Voltage Amplifiers: The prime requirements for voltage 

amplifier are : „ eneia , 0 r is connected at its input, gener¬ 

ic) wh u “ M 8 n0 change. For this condition to be satisfied 
a ,or voltage s ^ Vo/<he amplifier should be high ; 
input resistance^) f« |oad r P esisIance should not afreet the out- 

(/,) any cha a g mp |if ie r. This condition demands that output 

put voltage.oftheampi, cr ^ sh<juId be low . 

feSiS p "“da s /( amplifiers, r, = co and r. < I kQ and therefore 
this stage°can be regarded as voltage amplifier. 

’vOLTAOpi .. - 

AMPl‘- * - LO« *o 

F/£ ft 


H/G# \ - 

rjg , s Pictorial represemalion of ihc voltage amplifier conditions 
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Out of three configurations, only common collector amplifier 
has a high input resistance and a low output resistance and is 
therefore, operated as voltage amplifier. 

Current amplifier : The essential features of a current ampli- 


^ 1Cr %) when a signal generator is connected as its input, gene¬ 
rator current should not change. This condition demands low 
value of input resistance (n). 

(b) any change in load resistance should not affect the out¬ 
put current, />., output current of the amplifier should be inde¬ 
pendent of load resistance. The condition demands a high value 

of output resistance (r 0 ) of the amplifier. 



1 ! G G C At f 


LO» ^ ->. 

AA*Pl /- 

* - M6M 




Fig. 29. Requirement o! current amplifier. 

A common base and common emitter amplifier stage have 
small input resistance and high output resistance. Thus Dot 
configurations serve as current amplifier. 

17*11, THE COMMON EMITTER AMPLIFIER WITH 
EMITTER RESISTOR : 


Wc know that transistor parameters depend upon tem¬ 
perature, o./ rating point, etc. Moreover, the parameters dine 
from device to device even for same type of transistor, i 
voltage -\in, therefore, is not stabilize. To stablise the vo\t*% 
gain a resistor is included in emitter circuit as shown in hg. (JUflj. 



Fig 30 (a). CE amplifier with emitter resistor /?, without base 

biasing network. 

The emitter resistor produces inverse feed back which causes the 
stabilization of voltage gain. Fig. (306) shows the equivalent 
circuit. The current in load resistor R c [fig. 30 a)] has been shown 
as Aic i b where A u is the ratio of collector current to base curren 
i.e.. A/e = — icpb- Now the current in Re is (\—Au) ib . In jig. y 
the emitter resistor R c has been replaced by two resistors as (1 —At*) ' 
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-vvw o | -jr 

^ I I 





Fie 30 

.be «—* *.i" f * ““ OTi “" 

amplifier is given by^ _ ...(|) 

* b - 11 el> " b ; 

[+£■ 1 
Sowing *hi s equation for ..we av 

/!., R'- h (‘- n , ...(3) 

/*»'■•= H-fc.■(*• + ■W. . hv 

The i»P»> & * 8 “" k: ' 

1 — /li.) Rc + hlc + lt ' e/ t leRL 
ib , . , [ D . Cdisnl ) /e,l ...(4) 

1 ..( 5 ) 
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(4) The output impedance R oc of this amplifier is given by 

+ !+£-““) where (Re p Rs+hle) 

..-( 6 ) 

17*12. SIMPLIFIED COMMON EMITTER HYBRID MODEL 

Fig. (31) shows an exact equivalent circuit of a common emit¬ 
ter hybrid model. 



Fig. 31. Equivalent circuit of a common emitter hybrid model. 


Using the above equivalent circuit, we have calculated voltage 
gain current gain, input impedance, and output impedance, etc. But 
in most practical cases, it is justified to obtain these values ap¬ 
proximately rather than to calculate them exactly by lengthy and 
tedious analysis. This is true because //-parameters themselves 
vary widely for the transistor of the same type. The following 
approximations are raken : 

(i) As 1/Zr 0 , is in parallel with R L% the equivalent resistance is 
a parallel combination of R L and I///„,. which is approximately 
El if 1 1 hoe > El i-e , lt 0 ,Ri. 1. So if this condition is satisfied, 
we may omit !///„,. from the circuit. Under this condition, the 
collector current i e =h ff .i 0 . 

(ii) The magnitude of the voltage of generator in emitter 
circuit is h, e v 0 ^h„i f R L =hreh / , R L i b . Since h re ///,^001 and 
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hence .his voltage may be neglected in comparison with /„, k drop 
aCr ° Thus vre conclud'e'tha*! if ‘fcVTpSSSSi 

17 - graig^sas^ ! 

Fig. ty £3r^”~oT5iU a «Iadte is 

foc^s^ 

we assume that the para e voltage gain is unaffec- 

^wjarssssirsir *-* ■ - bi “ mi 



, 33 Circuit of a common cmmitter with resistor 
' b /?, and capacitor C 


ana dp-vi.v. -r . . , 

iMj^sMSKS, sskw~ 


frequencies 


l l> A/A//'- 



,, 34. Common emitter equivalent circuit. 


E-t;. 
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From fig. (34), v 0 =—lif e ibRL 

The value of i b is given by 

/ - es 
b Rs+Ri 

where, for common emitter with an unbypassed R Ci 
Rl=h ie +(\ -f life) z c . 

Here Z e is a parallel combination of R c and C e , i.e. 9 
Rr 


Zc i+jwC'R , 
V b — — hfe R L • 


es 


Z> , I , (I +h,e)R' 
Rs+, "' + 


Now voltage gain at frequency is given by 


(A»c) l.f = 


— h/ c R L 


...( 1 ) 

...( 2 ) 

...(3) 

..•(4) 

...(5) 


..•( 6 ) 


Dll. ! (!+///<•) ^ 

i //,> H—p- . ^ p - 

I -\-J<vCe Re 

when w is large, />., at mid frequency range, the voltage gain is 
given by 




—Ii/cRl 


Rs + 



17 14. HIGH FREQUENCY EFFECTS AND HYBRID PI 
MODEL : 

The aim of this article is to consider the equivalent circuit of 
common emitter configuration which is valid at high frequencies. 
At low frequencies a transistor responds instantaneously to changes 
of input voltage or current but at high frequencies, the mechan¬ 
ism of transport of charge carriers from emitter to collector is 
essentially one of diffusion. The diffusion involves time delay. So 
at high frequencies the diffusion mechanism should be taken into 
consideration. The diffusion analysis is very complicated. Here 
we snail describe the hybrid n model or Giacolctto model of the 
transistor in common emitter configuration at high frequencies. 

nis model is simple, accurate and gives result which are in good 
agreement with experiments at all frequencies and hence popularly 
used. Following assumptions are made in this model : 

(i) All the parameters (resistances and capacitances) are 

independent of frequency. 

(ii) The resistive component in this model may be obtained 
from the low frequency h parameters. 

(iij) parameters may vary with quiescent operating point 
but under given bias conditions they are reasonably constants for 
small signal variations. 
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Pip (a) chows the hybrid * model for a transistor in 

-S --k <» ‘ b "" "" “ , " ,c 

base spreading resistance r» and virtual base B. ^ 


B 

o-^WWV 




£-Ua4'S / 



(a) Hybrid K model for a C£ ampler. JS 


(b) Showing virtual base 


I, b.“ Wl«" "* “P"' "SSSfcJor eumnt wbiok occim 
X'Rc.i,.. ‘*£!Z ch.r« » p,aee 

“t*:- ^ I—? 

„„™ i- *. «■ *—' - 

c b.»«<•»«•« "“'“““.i JS SZ .mS "";; 1 

rB&'SitSja® 

"TlTi- ■* 

aDd £ ' nricS lll.= r »+ rbr - 

A, low frequence , co |, ec , 0 r , 0 emillcr junction 

The ^gid'bmoduUtion. A ^^J/enUo changf This 
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by connecting r b ' c between internal node B' and C. This resistance 
is typically 4 M ohms and can normally be omitted. 

Resistance r ce is the output resistance. When a load is con¬ 
nected between collector and emitter, this resistance may be omit¬ 
ted because r ce > B L . 

Current generator. The term v be represents the voltage across 
the emitter junction. For small changes in v be across the emitter 
junction the extra minority carrier concentration injected into 
base region is proportional to v be . Corresponding, small signal 
collector current with the collector shorted to the emitter is, 
therefore, proportional to v be . This effect accounts for the current 
generator g„v be across the terminal C and E. Hereg m istbe 
transconductance. 


17 15. RELATION BETWEEN HYBRID or CIRCUIT 
COMPONENTS AND LOW FREQUENCY 
h-PARAMETERS 

(1) Transistor mutual conductance g m —Considering the case 
of a PNP transistor in common emitter configuration, the collector 
current is given 

i<=ico—aJ r 

In this case, the emitter is forward biased while the collector 
is reversed biased. The transconductance is defined by 

di t dh_ 
dv e 


gm - d, 


* V. 




e Wee 

where tv is the voltage of emitter with respect to B' and is equal 
to—v* It is assumed that a is independent of v,. 

The emitter diode resistance r ( is given by 

dvrr e 

From eqs. (1) and (2), we get 
g m ~a.lr r 
We know that 


r 

c ~~di. 


ie. ~=- 


...( 2 ) 


...(3) 


a „ ex P. 0V/>r) Ebers-Moll Equation 

p l Il C voil ‘ ec l u,valcn t of temperature and equals kT/q. k , 
being the Boltzmann constant in joules/*. 

At cut off, 


_ _!1 _£T 

d, < «u exp. (r c /r T ) i e 

gm=z ™Z ‘Co—i f 


we have 


v r it 

For a PAP transistor /, is negative and since | ico 


•( 4 ) 
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But the short circuit current gain h fc is defined as 


, ic gm-i b .r b e 

hf - = l\v=~V~ 


: Sm r b e 

r b 'e=hf<lg m -(9 

(4) Resistance r«/—The parameter h ie forms the input resis¬ 
tance of the transistor with output short circuited. When the 
output is short circuited [Fig. (29a)]. r bc comes in parallel with ft* 
But r bc p r b '„ hence r bc || r be & r be . Now the input resistance 
is approximately r bb -\-r b , 

hif=rt,b'+rh'< 
or r bb =lij,—r br 

(5) Resistance r„-For this input shorted, i e., i b = 0, we have 

ic=-'-+ .'r^ +g^'c -w 

r ( , r bc +r be 

Again v b e=h re .v ce 

From cqs. (7) and (8) 


1 ] 

ho f = — = 7- -f ; / , ;~r+g>nhre 
Vet r et r be +r b f 


or 


or 


or 


i I 1 , , 

r,e r b e 


re 


I 1 . 1 . rh f 

hoe — + - ' 

ree r b e r b c 

h --L 

''°r — -—r » ~r „ > 

rte 'be rb c 

re. [&,-{(!+W/r#r })- 1 


\'r bc > r bt 

rbe [using eq. (B)] 


[using cq. (CM 

...(E) 


* ■ %- » ^ r*r* 

(6) Capacitance C br . This is the diffusion capacitance across 
the emitter junction and is equal to C bc . This is given by 


C* 


# 

€ 



where f T is the frequency at which common 
current gain drops to unity. 



emitter short circuit 


(7) Capacitance C bc . The collector junction capacitance Ctc 
is nothing but the common base output capacitance with the i P 
open circuited i.c. , /> 0 and is usually specified by the manui - 
turers as C ob . Since the collector junction is reversed biased in t 
active region, then C be is the transition capacitance and, therero 
varies as v tt r n where n-= \ or $ for an abrupt or graded juncu 
respectively. Hence C h ' c = ki\r n where k is a constant. 
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„ parameters in (he hybrid model at high fre 

Parameter 

Expression 


|/ f |/iT=l'V|/(^ ,600 > 1 

1 

It frig™ 

rbb 

h, f -rb'< 

r b 'c 

r be' It re 


r (\+hf,)Y l 

r« 

[*"" n, J 

CV, 

gmMr 

Cb f 

kv<f’ H 


Example 1. * n 'J v ,v ”T 0 nlA 10V and at 

for a giro transit att'~ ^ =mho s 

life* 100* >■ MM Hi an( l 

A \X S ^T/T l he hybrid parameters. 

-= 100/38SX 10 *-260 ohm. 

, 4 ',=«•»',/*«= 26 °' 10 (l+ 100) T 1 

_ =k- ( - i± ^ i l 4 |0 ‘‘ _ TSTTo^J 

"I r “ * =833K ohm. 

385/I O'* 

^W^/r-j^TITxSOX HT 

*>* 

,716 COMMON tM*^ER MODEL 

17,6 - gain using hybriu is(or ampi . ficr as show 
Con^ si S ff " « 

SKSfc 
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(a) Single stage CE amplifier 



if 

(b) Approximate high frequency circuit 
Fig. 37. C£ amplifier. 


The following assumptions are made : 

1. In the equivalent circuit, the resistance r be is neglected as 

r t> c P r be . 


2. The resistance r t , disappears as it is in shunt with a short 
circuit. 


3. R c =-R l =Q. 

From the equivalent circuit, i L =-g m r be 
The value of v h ' c is given by 

, h ’ — _ U 

C (l/r b 'e)+juj (C b c + C b c) 

From equation ( 1 ; and (2). we have 
i^~ ._ Em lI _ 

U//■*', RMCV.+c*',) 

1 he short circuit current gain is given by 

-4.=—-=^,- - ~g" 


...( 1 ) 


...( 2 ) 


...( 3 ) 
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We know that r b ' ( =hfctgm 


_ ~gn, life _ 

Ai 'gn,+j» (C b ',+C b \) life 


-// 


Ur 


=HR jinf (cy. + cy,) ///.fem) 

-hf. 


..•(5) 


where 


~I*/(/W> 

. _ 

•'* /l/r.2ff (Cft'r+G'f) 

Here we consider .^fo.lowin^wo cases: wj(h , he 

(,) when /=0 ^- ' uen shor , circuit C£ current gam. 
definition of life at the low y f orms lhe f requenC y a t 

(ii) when f=U *<= -Wjr ,of its low frequency 

^SSXsnsr^^’ i£ ■*> 

bandwidth of the amplifier. frequency fr is defined as the 

Frequency parameter Jr , s hort circuit current gain 

frequency at which the magn 
falls to unity. ,r. vc ccl 

or lit,—frift 

.. && y '■ <«• 

/r=V ^r CA ** 

Substituting cq. (6) ,n ^ (5) ’ Wt * 

A> ] i high frequencies. The value 

fr forms an important para condilions of the device. The/ r 

4C0\ 


(V Mr) 

V III, > I 

...( 6 ) 


<v cy, ?> cy,) 


•••(7) 



1000 


i c (top scale) nA 


Fig. 38. (0) The fr versus ic curve at high frequencies. 
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In fig. 38 (b\ A, expressed in decibels (/.<?., 20 log \ A, | ) is 
plotted against frequency on a logarithmic frequency scale. 



We have the following cases : oetimn 

(i) when f 4 /. A,**—hf, and Ai (dB) approaches asymp¬ 
totically the horizontal line A t (dB)=* 20 log hf f . 

(ii) when / > /, | A/ | ^ frlf so l j lal 

A, (dB) = 20 log/ r -20 log/. 

(iii) when/=/r, Ai (dB)=*0. .eumntnte to a 

(iv) when / > /, the plot approaches as an asymptote to 

straight line passing through the point (/r, 0). 

The intersection of the two asymptote occurs at a corner 
(frequency /=/) where A, is down by 3 dB. Hence/ is caliea a 
the 3 dB frequency. 

17 17. HIGH FREQUENCY CE CURRENT GAIN WITH 
RESISTIVE LOAD. 


Consider a single stage if CE transistor amplifier with resistive 
load l( L as shown in fig. 39 (a). When the transistor works into a 
resistive load, the equivalent circuit is shown in fig. (39). 



Fig. 39. Equivalent circuit of CE amplifier with resistive load. 
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or 


ii 

W,_ (I lr Vr )+jwC 
From eqs. (2) and (3), we have 
. ~gm ii 

L (I ln'.)+J*C 



The current gain is given by 

A -* L -gm 

' U “(I lr b ;)+jo>C 
We know that r b 'A=h/<lgm 

a hfc - 

g m +j”C-hfe 1 +jwC.{h f .lg m ) 

-hfi _ -V— ...(5) 

- 1 +j2nfC(h fe /g m ) -\+j(flfn) 

. - 1 gm 1 

where f*sc- 

At/=0, A\— —hf 4 (same as output short circuited) 

Mf=f H ,A,= -hr e IV2 

Thus/ W forms the 3 dB frequency 

17 18. EFFECT OF SOURCE RESISTANCE ON FREQUENCY 
RESPONSE OF CE AMPLIFIER AT HIGH FRE¬ 
QUENCIES : 


In previous article, we have assumed that the current source 
is ideal i.e. the source resistance R s to be infinity. In this article 
we consider that the source has a resistance R s . The main aim 
here is to consider the effect of source resistance on frequency res¬ 
ponse of CE amplifier at high frequencies i.e. t how the 3 dB fre¬ 
quency is modified due to the presence of The equivalent cir¬ 
cuit is shown in fig. (42). 



Fig. (42) Approximate equivalent circuit of CE amplifier using non 

ideal current gain. 

In this case the analysis remains the same as in previous 
article but in place of r h > e a resistance R is used which is a paral¬ 
lel combination of (Rs+r»>) and /v,, i.e.. 
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R -Rs+n*'+ r >‘ l ‘ Rs+ " 

The value of C is given by (2) 

C=C b ',+Cb'< 

The idB frequencies ft is now given by 

The following expressions ^ ,ved ce resistance 

(i) The current gain taken tnto account 

is given by 

• " ...(•*) 


Rs 


• ■ 

(ii) The voltage gain is given by 

Rl - (5) 

(^ 0)5 — 0 *"$ p s ' Rs-rhir 

„il, C.i. fc«°aw.-h prod..'« «■- * k (() 

and current-gain bandwidth product ,s (?) 

| (Ai)sft 1= (1 + 2n] cu ,. 0 ff frequency 
Example. CakMe'^ U °$ g *Zonoi«ratW °< h * h frt ' 

= ' mPF ■ = 100 + 1250=135012 

^“eiio+T^o 

=405-412. 

/.=-^=T^4oH7i45o7^ 

=0-27 MHz. 
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EXERCISES AND PROBLEMS 


!• Describe in detail the operation of PNP grounded emitter transistor 
amplifier circuit. 

2. Derive expressions for iDput and output resistances current gain and 
voltage gain of PNP grounded emitter transistor amplifier. 

3. Describe in detail the operation of PNP grounded base transistor amp¬ 
lifier circuit. 

4. Derive expressions for input and output resistances, current gain and 
voltage gain and power gain of grounded base transistor amplifier 
circuit. 

5. Describe in detail the operation of NPN grounded collector transistor 
amplifier circuit. 

6. Drive expressions for input and output resistances, current gain and 
voltage gain of grounded collector transistor amplifier circuit. 

7. Explain why the common emitter configuration is preferred for a 
transistor. 

8. Compare a common emitter transistor and a eommon base transistor 
amplifier circuits, Explain why the former is widely used in amplifier 
circuit. 


9. For a PNP transistor, the low frequency equivalent T net-work cons¬ 
tants arc 

r <-*20 ohms. r 6 =730ohms, r e =IO«ohms; * = 0 97 
It is used as an amplifier with a source havihg an impedance /?,=500 
ohms. The load resistance /?£.*= 300 ohms. Find : 

(a) Voltage gain when used as a common amplifier 

(b) Output impedance when used as common emitter amplifier. 

10. A certain PNP transistor (junction type) when used as a common emit¬ 
ter has the following circuit parameters. 

'<= 21 ohms > r t ^580 ohms, r c =3 44 meg ohms 
Rl- 20.000 ohms. *=0 982 
Find the input resistance. 


11. (a) Draw the T-cquivalent circuit for a common base configuration of 

a transistor and insert the V parameters. Derive the expression 

or current gain, voltage gain and input impedance interms of V 
parameters and *. Assume load and source resistance are included. 


12 . 


(b) For a common base transistor amplifier the 
r,= 250, rj,= 400f?. r e = /.V/|? and *=0 98 

a t 


yuiaiucicia 


-c . -c - ’wi.', r e = i\iu and *=o c 8 

I™r ,anCe :. S 5Ar ° and ,he *>“"* resistance is 2000. Find 
the current gam, voltage gain and input impedance. 

(a) S H S ,r" hybrid equivale "' or a basic .ran- 

sain and input 'impedance* CXpressl0ns ^urren, gain, voltage 
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ib) Find the mid frequency current gain and voltage gain for the 
common emitter amplifier shown in fig. (43). The parameters of the 
transistor arc ///*= I SKQ, 3xl0-\ h /t =80, h„~20 M/»'. 



13. 


14. 


15 . 


Fig. (43) 

Explain why /, parameters are the most commonly used parameters of 
a junction transistor. Describe a practical method for the measurement 
of each of the hybrid parameters of a transts.or a. audto frequency ,n 
a common emitter connection. 

Estabilish the relation between h and r paramc.ces,of a transistor for 

common base contifiurat ion Assume usual approx,mahons 

Evaluate h parameters when r,=*50fl. r b =\KQ, r t =\mQ and«=0 98. 
The hlbrid parameters for a transistor used in the common emitter 
Tncnyo p \ 5 K° A.-v.lO" 4 , /»,,~70and /» 0<l =IOOn mho. 

ofm the collector lead and is 

supplied from a signal source of resistance S00G 

Calculate • (a) the input resistance ; ,b) The output resistance. 

(C ) The voltage gain and (d) The current B ain for the stage. Derive 
the relations used. 
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18 1. MULTISTAGE TRANSISTOR AMPLIFIERS (General) 

The current gain or voltage gain obtained from a single tran¬ 
sistor amplifier stage is generally inadequate for most of the 
electronics applications. Hence two or more single stages of 
amplification are frequently used to achieve the desired ampli¬ 
fication. In such cases, the output of each amplifier stage is coup¬ 
led in some way to the input of the next stage. The resulting 
system is known as multistage amplifier. So a transistor circuit con¬ 
taining more than one stage of amplification is known as multistage 
transistor amplifier. Fig. (I) shows the block diagram of a three 


INPUT 


TiftST 


COUHWG 


StCONO 


COUPUNG 


THRO 

STAG! 


OCVICf 


STAGS 


oevrcc 


STAGE 


OUTPUT 


Fig. (1) Multistage Amplifier. 

stage amplifier where each stage consists of one transistor and 
associated circuitry and is coupled to the next stage through a 
coupling device. The object of the coupling is (/) to transfer a.c. 
output of one stage to the input of the next stage and (ii) to 
isolate the d.c. conditions of one stage to the next stage. The 
four basic methods of coupling are shewn in fig. (2). 

(/) Resistance-capacitance coupling. This is also known as 
capacitive coupling and is shown in fig. (2a). Amplifiers using this 
coupling are known as R-C coupled amplifiers. The coupling net¬ 
work consists of two resistors /?r x and Rh and one capacitance C 
which is the connecting link between the two stages. 

(ii) Impedance coupling or Inductive coupling. This coupling 
is shown in fig. (2b). Amplifiers using this coupling are known as 
Impedance coupled amplifiers. Here the coupling network consists 
of L U C and R,„ 

(Hi) Transformer coupling. This coupling is shown in fig. (2c). 
Here the secondary of coupling transformer conveys the a.c. 
component of signal directly to the base of second stage and hence 
there is no necessity of a coupling capacitor. Secondly, the secon¬ 
dary winding also provides a base return path, so there is no need 
of base resistance. Amplifiers using this coupling are known as 
transformer coupled amplifiers. 
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transistor etc. 



(a) R-C Coupling 


(b) L-C Coupling 



(c) T-C Coupling (d, Direct Coupling 

Fig. (2) 


Multistage amplifiers may be divided into following two 

categories i 

(a) Cascaded amplifiers. In cascaded amplifiers, each stage 
and coupling between different stages are idcnml. 

(b ) Compound amplifiers. In compound amplifiers, each 
stage as well as the coupling device may be different. 

Terms used in multistage amplifiers. 

m Gain The ratio of the output of the amplifier is called 
„iin The overall gain is equal to the product (not the sum) 

n'fH? gain of the indiv,dual stages. If G„ G, C 2 etc. are the 

individual voltage gains of multistage ampliher. then overall 

voltage gain G in given by 

G=GixGixGzX . 
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It should be remembered that overall gain G is less than GixGzX 
<7 3 .due to the loading effect of the next stages. 

(2) Decibel gain. Although the gain of the amplifier is 
expressed as a number, yet it is sometimes expressed in the unit of 
bel or decibel (db) which is of great practical importance. 

The common logarithm (log to the base 10) of power gain is 
known as bel power gain />., 

p 

Power gain=log 10 - bei 

or Power gain=10 log l0 ^- db (7 1 bel=10 <#) 

*In 

Further, Voltage gain=20 log l0 V -~ db (7 PccV 2 ) 

“ In 

current gain=20 Iogi 0 ~f— db (7Pec/ 2 ) 

tm 

Here it should be remembered that when the gains are expre¬ 
ssed in db, the overall gain of a multistage amplifier is the sum of 
gains of individual stages in db. However absolute gain is obtained 
by multiplying the gains of individual stages. 

(3) Frequency response. We know that the gain of the ampli¬ 
fier varies with signal frequency. When a graph is drawn between 
voltage gain and signal frequency, the graph is known as frequency 
response curve of the amplifier. The gain of the amplifier increases 
with frequency and becomes maximum for a particular frequency, 
f r known as resonant frequency (Fig. 3) and then decreases. In 
designing a particular amplifier, appropriate steps are taken to 
ensure that the gain of the amplifier is essentially uniform over 
the specified frequency range. For example, in audio amplifier 
used for speech or music, the sound spectrum (/>., 20 Hz to 20 kHz) 
should he uniformly amplified otherwise the sound output of the 
loudspeaker will be distorted 

(4) Bandwidth. The i 

bandwidth of the ampli- T 

lier is defined as the range 
<>f frequency over which ? 

the gain is equal to or 5 

greater than I yj 2 or 
/0 ; 7 % of the maximum 
gain. 1 he bardwidths is 
shown in fig. (3). 

It is clear from lig. (3) 

that for frequencies lying Fig . (3) Bandwidth of amplifier. 

tlvmTtV'! lhc ? ain °f the amplifier is equal to or greater 

man /u / /u ol the maximum gain. Therefore, f-f, is the band- 
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maximum voiiage gam of the amplifier is 100. 

• Fall in voltage gain from maximum gain 

100 ,, 

=20 log., -=jfy-, db 

= 20 log,. 1*4142 db=3 db 


gam 

18 2. R.C. COUPLED AMPLIFIER 

Fig. (4) shows a two-stage R C 
consists of two single stage transistor 
configuration. 



coupled amplifier which 
amplifiers using the CE 


Fig (4) Two siagc RC coupled amplifier 

In the circuit Ri, Rt* Rc and R,- along with V« arc used to 
provide the self bias and stabilisation for the transistor Ccisthe 
coupling capacitor which connects the output of the first stage to 
the base (i e input) of the second stage. It allows only ac signal 
at the end of one stage to appear at the input of next stage while 
blocking the Jc voltages and currents. C,is a bypass capacitor 
which provides a low reactance path to the signal and prevents 
loss of amplification due to negative feedback. The value of this 
rhosen so large that it acts as ac short circuit across 
gS ,he bypass effect of this capacitor, even at the lowest frequ- 
encies, is quite effective. 

When ac signal is applied to the base of the first stage it is 
yr . The amDlificd output appears across R c with phase 
amplified. P connecl j on ). The amplified signal is given 

toThe'bas^of second stage through conning capacitor C, The 

to tne oasc IS further amplified by second 

S pb.s e LSb« *4n<d. The o«,p..of .e.o«b » S . 



762 


Hand Book of Electronics 


is coupled by C c to the load resistor R L . In this way the cascaded 
stages amplify the signal and overall gain of the amplifier is 
considerably increased. The output is in phase with the input as 
it is reversed twice. 

It may mentioned here that the total gain is less than the 
product of the gains of individual stages. The reason is that when 
a second stage is made to follow the first stage, the effective 
load resistance of the first stage is reduced due to the shunting 
effect of the input resistance of second stage. Thus the gain is 
reduced. 

Analysis : 

The exact equivalent circuit for one stage of RC coupled 
amplifier is shown in fig. (5). 



Fig. 5. Equivalent circuit for one stage of RC coupled amplifier. 

In this circuit Rt, is a parallel combination of R\ and/?*. C 0 
is the output capacitance of the first stage, input capacitance of 
next stage and stray and wiring capacitances. 

Since the above equivalent circuit is complicated, hence the 
following simplified assumptions are made : 

(i) h, e is so small that the voltage source h„ V can be 
neglected. 

(ii) (I///„ f ) is so large that it can be considered as an open 
circuit. 

(iii) The reactance of C, for any given input frequency is so 
small that the parallel combination of R, and C, can be effectively 
considered as a short circuit. 

With these assumptions, the simplified equivalent circuit is 
shown in fig. (6). 



Fig. 6. Simplified equivalent circuit. 


Multistage Amplifiers 
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For the purpose of analysis we generally divide the entire 
frequency range into the following three frequency ranges . 

(a) Middle Frequency Range. 

mmm 

frequency range is shown in fig. (7). 

T 


Vo* 



Fig 7 Equivalent circuit at middle frequency range. 

Considering the output side, the current«, is given by 

R c Rs_ 

Rc+Rt. 

— rTRs 
'"' + R,+R> 

The current gain at mid frequency is given by 

R c Rb 

-I* 
u 


Rc+Rt> 




...(a) 


or 


R ( R b 
Rc+Rb 

—life ReRb 

(At), n id— +Rb)+ReRb 

Also, the voltage gain is given by 

v 0ul —lifeii RcRbXhie 

(A,) m id= y~-\ hle {K e +Rb)+KcKb\xh„ ii 

— hf f R c Rb 

(^^^(Rc+R^+RcKs 

... without considering source resis- 

tance. 

(b) Low Frequency Range : 

in this frequency range, the impedance offered by coupling 
In h • ^mnarahle to the load resistance so that coupling 
capacitor is comparabl^J amplification. Therefore, we 

shall C have to Include this capacity in the equivalent circuit. On 


...(o') 


or 
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the other hand, the impedance offered by the shunting capacitor 
is so large as to be an open circuit. With these considerations, 
the equivalent circuit is shown in fig. 8 (a) and ( b ). 



(b) Equivalent circuit with voltage source. 

Fig. 8. Equivalent circuit at low frequency range. 


From fig. 8 (6), the value of / is given by 
._ —Il/e l\ Be 

? I h* J 

A+fcr ~"C e 

—lift ij R c j Rb \ 

R , R b h„ j x U*+4/J • 

c * R b +h le toC c 

Now current gain at low frequencies is given by 
/ . x h _ ~hfe Rc Rb __ 

__ —h(e Rc Rb _ 

R'R b +R, h lr +R b 

(tftf 

~/tfe Re Rb 

• ( a \ Rc Rb +1 Rc + Rb) h e 

" «-+'■'• ~T 

J L«C e {R r R b +(R c +R b ) h„] J 

* (A,\i — __ 

•• v^-vjntrT 

where /.= --- 

2*C c I/U? 6 +/,,, ( I*c+*6)J 
f\ is called as lower cut-off frequency. 


...(*) 
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A# f f t J\ — { Aj) m iJ_ 

At f—fu \A,)iow — j _j x | -- ^/2 

or (/*/W=0'707 | (/4/) m /4/1 

Hence the output signal power will be half of the signal 
power at mid frequency range.. 

(c) High Frequency Range : 

In the high frequency range, the reactance offered by C c is 
very small and hence it can be considered as short circuited. The 
reactance of C. will not be very large and ,h,s can "°' 
considered as open circuit. The equivalent circuit is shown in 

fig. 9 (a and b). 



(a) Equivalent circuit with current source. 


R ♦ R. 



(6) Equivalent circuit with voltage source. 

Fig. 9. Equivalent circuit at high frequency range. 

In fig. 9 (b) we have replaced C 0 at the end of the circuit. As 
it is obvious from fig. 9 (a) that the circuit elements are in parallel 
hence the alternation would not affect the circuit. From fig. 9 ( b ), 
the value of i is given by 
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h : *cR b 
-hf< h {Re ± Rb , 

1 *£*» -l hle 1 
lRc + Rb{l+j*Co.hi e }] 

— hf< RpRb 


x 


{I -\-ju)Co-hle} 


~ [RcRb+h,e (Rc+Rb)+jvCo hi. RcRb] 

. . * —hf. RcRb _ 

(Ai,hlgh-[R c R b +hic (Re + Rb)+juCo he R C Rb] 

Equation (c) can also be written as 

_ —hf, R e Rq 

Rc Rb+hie ( R e -\-Rb) 

U)Cq hie Rc Rb 


(Ai)hi g h= 


[ 1+; 'x 


Rb+hif{R c +Rb) \ 


...(c) 


(A,)„id 

(Ai)u,k i+Kfify 

where =upper cut ' off frequency 
f f i A \ ( Ai)mld _ ( Al)mtd 

At f=ft(A,)hl,h- 1+;X , yjl 
or (A /)«»/,=O’ 707 (Ai)mU 


Frequency Response Curve and Bandwidth 

The frequency response of the amplifier is a plot of gain V/S 
frequency. The frequency is plotted in logarithmic scale and the 
gain in decibels where gain in decibels = 20 logj 0 A. The frequen y 
response curve is shown in fig. (10). the behaviour is briefly ex¬ 
plained below : 



Fig. (10). Frequency response of RC coupled amplifier 

(0 At low frequencies. At low frequencies, the reactance of 
coupling capacitor C c is quite high and a very small part of the 
signal passes from one stage to the next stage. This can be com- 
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pensated by taking capacitor of high value. Secondly, at low 
frequencies, the reactance of C, is comparable to R, and hence 
a.c. signal flows the emitter R e . This inturn decreases the 
output voltage. Thus the effect of C, is to reduce the gain at low 
frequencies. 

(//) At high frequencies. The reactance of C c at high frequ¬ 
encies is small such that it is a short circuit. This increases the 
loading effect on next stage and reduces voltage gain. 

(///) At middle frequencies. The voltage gain of the amplifier 
is constant in this frequency range. When frequency increases in 
this range, reactance of C c decreases which tends to increase 
the gain. However at the same time, lower reactance means 
higher loading of the first stage and hence lower gain. These two 
factors almost cancel each other resulting in a uniform gain at 
mid frequencies. 

Band width and Gain band width. 

Band width -Useful frequency range of ope¬ 
ration 


Gain band width* (/»”/») 


hf » R c Rb 
2nCo Rc Rt> hit 


GBW ^ 


hf* 

2n C 0 hie 


Hence GBW for a transistor is not constant since //,, takes a range 
of values. 


Advantages and disadvantages 

Advantages : (/) It is small, light and inexpensive because it 
requires no expensive or bulky components and no adjustment. 

(//) It has excellent frequency response and the gains is 
constant over the audio frequency range. 

(Hi) It has minimum possible nonlinear distortion because 
it does not use any coils or transformers which might pick up un¬ 
desirable signals. 

Disadvantages. (/) The gain of R C coupled amplifier is 
comparatively small because of the loading effect of next stage. 

(//) They have a tendency to become noisy in moist climates. 

(///) Impedance matching is poor as the output impedance 
is several hundred ohms while of a speaker is only few ohms. 
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Example. Find the mid¬ 
frequency current gain and 
voltage gain of the amplifier 
shown in fig. (11). 

The parameters of the 
transistors are : 

t U( =VSKQ. 

/,„=3xl0-< 
hfe= ICO 
h 0 ,=25pA!V 



10K 


The equivalent circuit of the amplifier is shown in fig. (12) 



where 


But 

Now 

or 


F(uu — —hfe ii X (R'j) 

/?,„=(£ II R,\\ Rl)=(WK || 5AT || \0K) 

=(40K II 3-33/T) 
^,,= -100 x 3-33x1 

because h„ is very small 

hie 

V„ u ,= — 100 x 3 33—( 

K,„ , 100x3-33 

v7„ A ’~ F3 222 


, . \ h . Fin (h r e~\~ 

(A,) n id- - Where /i= 
h 


hre Rb 


/ a can be calculated from the circuit shown in fig. (13) 


R'1-Y I! R. 


40x5 


or 


50 
=4*45K 
life ii x 4 45 
14 45 


But 


// Bi, 


h= - 


Rb + hle 

hfe //X4-45x4'9 
14-45 (V9+1-5)’ 
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Now (A,)„,id-f^ 14.45 (4 94 - 1 - 5 ) 

18*3 TRANSFORMER COUPLED AMPLIFIER 

F0 ; 10W 

employed when the load is 
small y It is mostly used for power amplification. The transfer- 

SjiS V“S' JS-S £& T£E£ BS 

S the Secondary 

gWes'inpmto the next stage. Fig. (14) shows the circuit of a two 
stage transformer coupled amplifier. 


100x4-45x4 9 


25 149 


COUPLING 

TRANSFORMER 



Fig 14 Two stage transformer coupled amplifier 

In the circuit', T x is the coupling transformer whereas T, is 

S«S£feKM* 7 1 

When input signal is coupled through C, to the base of first 

transistor it appears in an amplified form in the primary P of the 
transistor, pf voltage developed across the primary 

• s 0 S e ed n ,o ,he inpu. of nex.'s.age by transformer secondary. 

Here T also provides the dc isolation between the input and out- 

jut circuits. The secondary of T, applies the signal to the base 

of second transistor which appears in an amplified form in the 

primary of output transformer 7». 

Analysis. Now we shall analyse the circuit in the following 

three frequency ranges: 

(a) Mid-frequency stage gain A/. 

Assuming capacitor reactances and resistances to be neg¬ 
ligible small, the equivalent circuit is shown in fig. (15a). Trans- 
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fering the secondary load impedance (huh t0 tbe primary of the 
transformer, the equivalent simplified circuit is shown in fig. (15£). 



e. e, 


(b) Simplicd equivalent circuit. 

Fig 15. 

The first transistor has an effective load equal to (NJNi) 2 
(h„) 2 and since its output impedance is \/(h oe )i, hence the two 
must be equal for maximum power transfer i.e, t 



Now we shall calculate the current gain. In fig. (15fl), the 
current generator is (//r,), /*,. So the collector current ic v through 
primary of the transformer will be (h fe ) } i h j 2 , for matched condi¬ 
tions. The transformer T x is voltage step down transformer, so 
the current in the secondary will be stepped up by the ratio (A^/W*). 
So the expression for i bi becomes. 


4 =—x ic - N 'x 
** N s X,e ‘~N s X ~2~ 


current gain Ai=t i ——x^ l ' r ±L i 

ibi 2 

...(a) 

Now we shall calculate the voltage gain. 


From fig. (15 6 ), Ve t =-i Cl x {(^)*(*"),} 


But and 4, f b ‘ 

^ K n le)l 

...(3) 
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or 


or 


Vc t = 
Vc t 


(hfe )1 Vb 


2 (//,,) 




(hfA 




(NA(Vb.\ -(hf')i „(*>>) 

\N t )\Vb,) 2 \N.) 

A '~r bl 2 W 


* X (M* 
* X (M S 


(Mi 
..(Ms. 
" (M. 


(■■■ 


For identical transistors (Ms s (Mi 

. (Mi x 
A ' = -i y N, 


Vh 

Vh 


...(4) 
; a's/ 




Which is same expression as for current gain. 

(b) Low frequency response of a transformer coupled amplifier. 
The equivalent circuit of a transformer coupled amplifier 
fFjc. (16)1 includes the primary inductance L P so that the load 
reflected from the secondary into the primary is shunted by L r 



Fig. 16. Equivalent circuit at low frequencies. 

At lower frequencies, the shunting clTcct of L,, will reduce the 
effective load for transistor first with a reduction in \ V Cl i.e., 
reduction in voltage gain. Let R be the impedance of l/(/fa>)i and 
WNtY (hit) 2 , then 


R=' 


(llor) I 


+ 


(£)'( *‘i 


Now the lower 3 db frequency /, will occur when reactance of 


L P equals R. That is 


2nfi Lp — R 


or 


, = 

2* Lp 


-W 


(c) High frequency response of a transformer coupled 


amplifier. 

The shunting effect of L P at mid to high frequencies is ncgli- 
bie but the series leakage inductances and distributed capacitances 
in both primary and secondary now become significant. The high 
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frequency equivalent circuit of a transformer coupled amplifier 
when the load is connected to the secondary of transformer Ti is 
shown in fig. (17). 



Fig. 17. Equivalent circuit at high frequencies. 

Fig. (18) shows _the simplified equivalent circuit with all 
components referred to the primary side of the transformer. 



Fig. 18. Simplified equivalent circuit. 

In fig. 18. L, andCV 4 =C,+(^‘c, 

It is clear from the figure that at high frequencies, the circuit 
v/ill have a scries resonant effect. But since R s is very high, the 
overall gain will be low. So the resonant effect is not pronounced 
but the resonant frequency / 0 will give an indication of the upper 
3db frequency f 2 i.e .f* is usually somewhat higher than/ 0 ./ 0 is 
given by 


Frequency response curve. 

The frequency response curve of transformer coupled ampli¬ 
fier is shown in fig. (19). 

It is clear from the figure that freque¬ 
ncy response curve is rather poor 
the gain of the amplifier is constant over 
a small range of frequency. There is 
a decrease in the gain at low frequencies 
This is because, the output voltage is 
equal to ac collector current multiplied by 
the primary reactance of coupling trans¬ 
former. We know that the reactance 
of primary at low frequencies begins 
to fall thus resulting the decrease in frequency ► 

the gain. Again there is a decrease in 
the gain at high frequencies except for the 




Fig. 19. 
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resonant rise in gain at resonant frequency of the tuned circuit 
formed by inductance and winding capacitance in the circuit. 
The distributed capacitance existing between different turns ot 
the winding acts as a bypass capacitor at high frequencies. This 
reduces the output voltage and hence the gain ot the amplifier. 
Thus transformer coupled amplifier introduces frequency distor¬ 
tion due to disproportionate amplification in a couple signal such 
as music, speech etc. 

Although the flat part of frequency response curve in trans¬ 
former coupled amplifier is small as compared to RC coupled 
amplifier yet it can be designed to have a flat frequency response 
curve over the entire audio frequency range but the cost will be 
10 to 20 times as much as the inexpensive R-C coupled amplifier. 

Advantages, (i) There is no loss of signal power in collector 
or base resistors. 

(ii) Jt provides a higher voltage gain. 

(iii) It provides an excellent impedance matching. It is 
casv to make the inductive reactance of the primary equal to the 
output impedance of a transistor and reactance ol the secondary 
equal toThc impedance of next stage. In general, the las. stage 
of a multistage amplifier is the power stage where the output of 
amplifier is fed to a low impedance loud-speaker (Load). The 
impedance of a typical loudspeaker varies from 4£to I6J2 where 
L output impedance of transistor stage is several hundred ohms, 
in order to match this impedance, a step down t.ansformcr of 

proper turn ratio is used. 

Disadvantages, (i) This is costly and bulky particularly at 
audio frequencies because of its heavy iron core. 


(ii) It has a poor frequency response. 

(iii) This introduces hum in the output. 

(iv) At radio frequences, the inductance and winding capaci¬ 
tance produce a lot of problems. 

(v) Frequency distribution is higher i.e., low frequency 
signals are less amplified as compared to high frequency signals. 


18*4 DIRECT-COUPLED AMPLIFIER 

When extremely low frequency signals are to be amplified, 
direct coupled amplifier is used. These amplifiers operate w ilhuut 
the use of frequency-sensitive components like capacitors and 
transformers etc. A two stage direct coupled amplifier is shown 
in fig (20) Here the output of first stage is directly coupled to 
the input of the next stage. Since the coupling capacitor is absent, 
the mid band extends to a very low frequency. Since the dc 
voltage and current at the output of one stage appears at the input 
of the next stage, the designing of biasing becomes more compli¬ 
cated. Moreover, the rating of the second stage transistor should 
be higher. 
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F ig, 20 Two stage direct coupled Amplifier. 

When a weak signal is applied to the input of first transistor, 
the amplified output appears at the collector. Let the signal is 
amplified p x times. The amplified output now becomes the base 
signal for the second transistor. This is further amplified by 
second transistor say f3 2 times. Obviously, signal current gain of 
the amplifier is 

A,=p l xp 2 =p 2 if transistors are identical. 

Frequency Response Curve. The frequency response curve of 
direct coupled amplifier is shown in y 
fig. (21). It is obvious from fig. (21) * 

that the frequency response curve is flat 
upto upper cut-ofT frequency f 2 . The ^ 
upper cut-off frequency is determined by < 
stray wiring capacitance and internal 
transistor capacitance. 

Advantages, (i) The current arrange- o i 2 x 

ment is very simple as minimum number frequency— ► 

of components are used. Fig. 21. 

(ii) The cost is low as no coupling device is used. 

(iii) It has outstanding ability to amplyfy direct current and 
low frequency signals. 

Disadvantages, (i) It cannot be used for ampliflying high 
frequencies. 

(ii) Due to temperature variations, the operating point is 
shifted. 

Uses. Normally in integrated circuits, most of the operational 
amplifiers arc direct coupled. 

18 5. EFFECT OF CASCADING ON BAND WIDTH 

Let there be n identical stages cascaded together as shown in 
fig. (22). Let Amu, f x and / 2 be the mid-band-gain, lower and 
upper cut-off frequency for each stage. Then let us find f„ and 
fin, the lower and upper cut-off frequency for all the n stages put 
together. 




Multistage Amplifiers 


775 



Fig 22. Cascade amplifiers. 

Let OOrfWH be the mid-band-gain of » cascaded stages. 

• ( A m id)oterall (A m id) : c 

We know that low frequency gam for each stage is 

A„,j — 

Ahm ~\-nfin . . 

If (^W«//be the overall low-frequency gam, then 

{A,o.u,au=y i -j Cm ) J 

If/lB be the overall cut-off fre = . then ^ 

\Z]Ujn - 11 -;(/.//)]" 

Equating the magnitudes, we get_. 

vmn^ = ^ [(i)t+(Alfy]n 

At /=/,„, we ^ e 2 t =( i+(/ 1 // ln ) s r : 

2 U»-l=(/ 1 //i»)‘ 

/■»= V[ 2 .7^zTf' 

(zi w ,*)o«»«=-i +7 (///;„r “l I +;'(///.))" 

At /=/«. we have 

V2=['+®J 

/»=/* VR 1 '"-') 

For n=2, /m=063/,. 


...( 1 ) 


••■( 2 ) 


...(3) 


•••(W 


Fig. (22) shows the 
lower and upper cut-off 
frequencies for a single 
stage and for two stage 
cascaded amplifier. 

It is obvious from 
fig. (22) that though 
cascading improves the 
gain, yet decreases the 

bandwidth. 



Fig. 22. Effect of cascading on band-witdh. 
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Ex. 1. The overall lower cut-off and upper cut-off frequencies 
of a three stages cascaded amplifier with identical stages are 20 Hz 
and 20 KHz respectively. Find f and f> for first stage. 

Given (/iW,a//=20 Hz and (/*)«**,„//=20 KHz. 
we know that 

f - f' 

Jln VU 1 '"-!) 

or 

Substituting the given values, we get 

/i = 20\/(2 ,/s —l) = 10*19 Hz. 

Similarly, fin=fi\/ (2 l ‘ n —\) 

or 

/i=(20xl0 s )/\/(2 1 ' s —1) 

=39 22 KHz. 


Ex. 2. Three amplifier stages are working in cascade with 
0 05V peak-to-peak input providing 150V peak-to-peak output. If 
the voltage gain of the first stage is 20 and input to the second stage 
is 15V peak-to-peak , determine (i) the overall voltage gain, (//) volt¬ 
age gain of second and third stage , (Hi) input voltage to the second 
stage and (iv) overall voltage gain in db. and the gain of each stage 
in db. 


(«) Overall voltage gain= °, ulput vo , lta8e 
v input voltage 


-«-»»» 


(//) Input to the second stage V 2 =A l xV 1 

= 20x005=1 V. 


(///) Gain of the second stage >4*= 15/1 =15 
Gain of the third stage 150/15=10 

(iv) Overall gain in db ^20 log , 0 3000=69*54 db 
Gain A x in ^ = 20 log , 0 20=26 02 db 
Gain A, in dh ^20 log 10 15=23*52 db 
Gain A 3 in r/ 6 =20 log 10 10 = 20 db. 


EXERCISES AND PROBLEMS 

1. Discuss the diflcrcnr methods of coupling of amplifier stages and bring 
out the relative merits and demerits. 

2. Draw the circuit of a two-stage RC coupled CE amplifier and sketch its 
frequency response What factors affect the gain at the amplifier at 
low frequencies and at high frequencies ? Discuss the effect of cascading 
on the bandwidth. 

3. Draw the circuit of a two stage R.C coupled CE amplifier. Draw its 
exact equivalent circuit diagram and show how this is modified for low, 
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high and mid frequencies with proper explanations. Justify your 
explanation with relevant derivations. 

4. Draw the equivalent circuit for one stage of RC coupled CE amplifier 
valid for low frequency range. Derive expressions for current gain and 
voltage gain. 

5. Draw the equivalent circuit for one stage of RC coupled CE amplifier 
valid for high frequency range. Derive expressions for current gain and 
voltage gain. 

6. Explain — 

(i) Why docs RC coupling give constant gain over mid frequency 
range ? 

(ii) Why does transformer coupling give poor frequency response ? 

(iii) Why is transformer coupling used in the final stage of a multistage 
amplifier ? 

7 What is the principal advantage of using transformers to cascade tran- 
sistor amplifier stages ? How would an interstage transformer differ 
from an output transformer ? 

8. Why is current gain larger in transformer coupled stages ? Assuming 
transformers have been chosen for maximum power transfer conditions, 
what is the expression fora stage’s current gain and voltage gain if 
equal transistors are used in each stage ? 

9 What is the high frequency response of a transformer coupled CE amp- 
’ |if,er usually determined by ? What causes the possible rise in a 

transformer-coupled amplifier’s frequency response curve at high 
frequencies ? Under what conditions will this not happen ? 

10 Why do you avoid RC and transformer coupling for amplifying 
extremely low frequency signals? Explain the working of a direct 
coupled amplifier. 

11 When two transistors in the CE connection arc cascaded, what docs the 
effective load on the first stage consist of ? What effect docs this have 
on the voltage gain of the first stage ? 

12 Why it is that the total voltage gain of a cascaded amplifier is the 
product of the stage gains, but the total current gain is not the product 
of the stage current gains ? 

13. A three stage amplifier employs RC coupling. The voltage gain of each 
stage is 50 and R e = 5Kti for each stage. If input impedance of each 
stage is 2 KU, find the overall decibel voltage gain. 

14. A three stage transistor amplifier has stages which have identical half- 
power frequencies. The half-power frequencies for each stage are : 
/,-l0//r; f t *-2$KHz. Determine the amplifier half power fre¬ 
quencies ? 

15. An amplifier consists of three cascaded stages. The db voltage gain of 
each stage is as follows : 

stage 1,18 db’, stage 2. 20 db ; stage 3. 14 db. 

What is the overall voltage gain A v =v 0 fv l ? 
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191. FEEDBACK 

Feedback is a process in which a fraction of the output energy 
is combined to the input. Depending upon whether the feedback 
energy aids or opposes the input signal, there are two basic types 
of feedback in amplifiers /*., a positive feedback and a negative 
feedback. When the feedback voltage (or current) is so applied 
that it increases the input voltage (or current) i.e. t it is in phase 
with the input, it is called as positive feedback or regenerative or 
direct feedback. Positive feedback increases the gain of the amp¬ 
lifier. However, it has the disadvantage of increased distortion 
and instability. So positive feedback is seldom employed in amp¬ 
lifiers. If the positive feedback is sufficiently large, it leads to 
oscillations and hence it is used in oscillators. When the feedback 
voltage (or current) is so applied that it decreases the input voltage 
(or current) /.<?., it is out of phase with the input, it is called as ne¬ 
gative feedback or degenerative or inverse feedback. Negative feed¬ 
back reduces the gain of the amplifier. However, the advantage 
of negative feedback are : reduction in distortion, stability in gain, 
increased bandwidth etc. So the negative feedback is frequently 
used in amplifier circuits. 


19 2. PRINCIPLE OF FEEDBACK AMPLIFIERS 


For an ordinary amplifier, i.e., without feedback, let V c and 
Vi be the output voltage and input voltage respectively. If A be 
the voltage gain of the amplifier, then 


A = V 0 /Vi ...(1) 

The gain A is often called 
as open loop gain. 


The principle of an ampli¬ 
fier with feedback is shown in 
fig. (1). The amplifier has two 
parts : an amplifier and a feed¬ 
back circuit. Let V„' be the 


o- 

V, 




AMPLIFIER 
WITH GAIN 
A 


FEEO BACK 
CIRCUIT 
B 


output voltage with feedback Fig. (1) Principle of feedback 

and a fraction B of this voltage is applied to the input voltage. 
Now the input voltage becomes (V t ±BV 0 f ) depending whether the 
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feedback is positive or negative. This voltage is amplified A times 
by the amplifier. Considering positive feedback, we have 

a {Yi+Bva-v; 

or AVi+ABVi^V; or AV,= V: [\-BA\ 

.. ...( 2 ) 

• V, 1 — BA 

The left hand side of eq. (2) represents the amplifier gain A' 
with feedback, /.e., 


A'* 


and 


A'= 


1 -BA 
A 


for positive feedback 


...(3) 


For negative feedback ...(4) 


1 -{-BA) \ + BA 

Here the term BA is called as feedback factor and B as feed¬ 
back ratio. The term (I ±BA) is known as loop gain and ampli¬ 
fier gain A' with feedback as closed loop gain (feedback loop is 
closed). 


19 3. ADVANTAGES OF NEGATIVE FEEDBACK 
Following are the advantages of negative feedback : 

(i) Highly stabilized gain. 

(ii) Reduction in non-linear distortion. 

(iii) Increased bandwidth /.*., improved frequency response. 

(iv) Increased circuit stability. 

(v) Less amplitude distortion. 

(vi) Less frequency distortion. 

(vii) Less phase distortion. 

(viii) Less harmonic distortion. 

(ix) Reduced noise. 

(x) Increases input impedance and decreases output impe¬ 
dances i.e., input and output impedances can be modified as 
desired. 


19 4. REASONS FOR NEGATIVE FEEDBACK 
(a). Increased stability : 

The gain of the amplifier with negative feedback is given by 


A' 


_A _ 

\+BA 



In negative feedback amplifiers, the designer deliberately 
makes the product BA much greater than unity so that 1 may be 
neglected in comparison to it. Hence 
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Thus A' depends only on B (feed back ratio) i.e., characteristic 
of feed back circuit. As feed back circuit is usually a voltage 
divider (resistive network) and resistors can be selected very pre¬ 
cisely with almost zero temperature coefficient of resistance, 
therefore the gain is unaffected by changes in temperature, varia¬ 
tions in transistor parameters and frequency. Hence the gam ot 
the amplifier is extremely stable. 

Let us consider the situation in which there is a change in the 
gain of amplifier due to some reasons. Taking logs of both sides 
of equation (1)» we 8 el 

log /T=log /l —log (1+1M) -w) 

Differentiating both sides, we get 
dA' _dA BdA 
T"“ A 1 +BA 


JA\ i- 

- A[ l (1+iM) J 



I dA' \dA_ _J_ —(4) 

•• I A' “I A |l+fi/l| 
when BA P 1, we get 

dA' dA |_1_ ...(5) 

A’ ~ A 11 BA | 

This expression shows that even in this case, there is an imp¬ 
rovement in the stability of the gain. This will be more clear by 
considering the following example : Let an amplifier has open 
loop gain of 400 and feed back is Oi. If open loop gam changes 
by 20% due to temperature, find the percentage change in closed 
loop gain. Here 

T~l =20% 6-1x400 =0 5 ^ 

So when the amplifier gain changes by 20% the feedback gain 
changes by only 0 5% />., an improvement of 20/0’5=40 times. 

(b). Reduction in non-linear distortion : 

A large signal stage has non-linear distortion because its volt¬ 
age gain changes at various points in the cycle. The use of nega¬ 
tive feedback in large signal amplifiers reduces ihe non-linear 
distortion. 

Let D= Distortion voltage generated in amplifiers without 
feed back 

C'= Distortion voltage generated in amplifier with feed 
back 

Suppose D'—xD •••(!) 
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Now fraction of output distorted voltage feed back to input 
= BD’=BxD 

This voltage is amplified by the amplifier. The amplified 
distorted voltage will be BxDA. So the new distorted voltage D' 
which appears in the output is 

D' = D — BxDA ...(2) 

From eqs. (1) and (2), we get 
xD=D-BxDA 

x={\+BA)=\ or x=l/(l +BA) 

Substituting this value in eq. (1), we get 


D'= -—— 

(1 +BA) 


D'<D 


So the negative feed back reduces the amplifier distortion by a 
factor (l+fl/4). Here it should be remembered that the improve¬ 
ment in distortion is possible only when the distortion is produced 
by amplifier itself and not when it is already present in the input 
signal. 

(c). Increased bandwidth. 

We have seen that amplifier gain falls ofT at low and high 
frequencies. At low frequencies, the series capacitances can no 
longer be taken as short circuited and hence the gain falls off. At 
high frequencies, the shunt capacitances can not be considered as 
open circuited as at mid frequencies and hence due to the reac¬ 
tance of shunt capacitances, the amplifier gain falls off. Let/j, 

and/* be the lower Zdb frequency and upper 3 db frequency res¬ 
pectively without feed back. Then the bandwidth of the ampli¬ 
fier will be (/a-/i)- The bandwidth is shown in fig. (2). If A 
be the gain of the amplifier, then gain bandwidth product will 
be/lx bandwidth. 


a i- 


V 


I - 1 \ 


—I 


A 


> 'l '« BAND WIDTH '* '* 

L—WITHOUT FEED-H 
BACK 

[•BANDWIDTH WITH FEEOBACH 
FREQUENCY -► 

Fig. (2) Effect of feed back on bandwidth 
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When a feedback is applied, the gain of the amplifier is 
decreased but gain bandwidth remains the same. This indicates 
that the bandwidth must increase to compensate the decrease in 
gain. It can be shown that with negative feedback, the lower and 
upper 3 db frequencies are expressed as 

f= _ h — ...(i) 

h (i+^) 

f,'=W+BA) -(2) 

These frequencies are shown in fig. (2). It is clear from expressions 
(1) and (2) that/,' decreases while/,' increases. Thus the band- 
width increases, of course, gain bandwidth product remains the 
same i.e., 

A (/ 2 -/i)=^' (/t'-//)• 

(d) Effect on input Impedance of a transistor amplifier 

In order to consider the effect of feedback on input impe¬ 
dance of a transistor amplifier, we assume that A is the normal 
gain of the amplifier without feedback. BV 0 is the fraction of the 
output voltage which is feedback to the input terminals as shown 
in fig (3). 

Without feedback, the input 
impedance is 

Zt= e -r—~ (since V,=e,) 
h h 

With feedback, the input impedance 
Z// is given by 


Cx — BxAei 



(V V 0 =Ae x ) 


Fig. (3) Input impedance 
increases due to negative 
feedback. 


=±[\-BA) 

'I 

=Z, (1 -AB) -0) 

In negative feedback, (\-AB) is greater than unity and consequ¬ 
ently, Z,/ is greater than Z,. That is, due to negative feedback, 
input impedance of a transistor amplifier increases. 

(c) Effect of output impedance of a transistor amplifier 
The output impedance without feedback is given by 

Z-Ji 

Z °~ io 

With BV 0 1 fig. (4)| as the voltage fedback, the output loop current 
/„' (after the feedback loop is closed) is given by 

V 0 -ABV U 
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=^(! -AB) 

So the output impedance is 



Fig. (4) Output impedance 
decreases due to negative feedback. 

Since in negative feedback (! —AB)>\ % Z.,/is less than Z„. That 
is, output impedance decreases due to negative feedback. 

19 5. NEGATIVE FEEDBACK CIRCUITS 

Negative feedback in an an amplifier is a method for feeding 
a portion of the amplified output energy back to the input of the 
amplifier so as to oppose the input signal. There are two types 
of negative feedback circuits i.e. t (a) negative voltage feedback and 
(b) negative current feedback. 

(a) Negative voltage feedback. In this method, the voltage 
feedback to the input of amplifier is proportional to the output 
voltage. This is further classified as: (/) voltage-series feedback 
[fig- (5fl)] and (//) voltage-shunt feedback [fig. (5b)\. 



(a) Voltage series feedback (b) Voltage-shunt feedback 

Fig. (5) Negative voltage feedback 

(/') Voltage-series feedback. This is also known as shunt- 
derived series fed feedback. The amplifier circuit and feedback 
circuit are connected in series-parallel (sp). Here the output 
voltage is combined in series with the input voltage via feedback. 
As seen, the feedback network shunts the output but is in series 
with the input, hence output impedance decreases (parallel combi¬ 
nation) while the input impedance increases (scries combination) 
due to feedback. 

(//) Voltage-shunt feedback. This is also known as shunt- 
derived shunt fed feedback i.e., a parallel-parallel (pp) prototype 
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Here a fraction of output voltage is combined with the input 
voltage in parallel (shunt). As seen, the feedback network shunts 
the output as well as input, hence both impedances (input and 
output) decrease due to feedback. 

(b) Negative current feedback. In this method, the voltage 
feedback to the input of the amplifier is proportional to the output 
current. This is further classified as : (/) current-series feedback 
[fig. (6a)] and (//) current-shunt feedback [fig. (6b)]. 



(a) Current series feedback (6) Current-shunt feedback 

Fig (6) Negat've current feedback. 

(/) Current-series feedback. This is also known as series 
derived series fed feedback i.e.. a series-series (ss) circuit. Here a 
part of the output current feedback a proportional voltage m 
series with the input As seen, the feedback network is in senes 
with input as well as output and hence both the impedances (input 
and output) increase due to feedback. 

(//) Current-shunt feedback. This is also known as series 
derived shunt fed feedback i.e., a series-parallel (sp) circuit. Here 
a part of output current is feedback a proportional voltage in 
parallel with the input voltage. As seen, the feedback network is 
in series with output and in parallel with input and hence the 
output impedance is increased while the input impedance is 
decreased. 

The effects of negative feedback on amplifier characteristics 
arc summarised in Table I on page 785. 

19 6. VOLTAGE SERIES FEEDBACK 

Fig. (7) shows the schematic circuit of a voltage amplifier with 
voltage series feedback. 



2 i 


«o - h 


1 

|j 






1 

■ 


M 





Fig. (7) Voltage amplifier with voltage series feedback. 
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Table 1 


Characteristics 

Type of feedback 

voltage 

series 

voltage 

shunt 

current 

series 

curreut 

shunt 

Voltage gain 

decreases 

decreases 

decreases 

decreases 

Bandwidth 

increases 

increases 

increases 

increases 

Harmonic distortion 

decreases 

decreases 

decreases 

decreases 

Noise 

decreases 

decreases 

decreases 

decreases 

Input Resistance 

increases 

decreases 

increases 

decreases 

Output Resistance 

decreases 

decreases 

increases 

increases 


Here the following two assumptions are made : 

(/) The feedback network does not load the output circuit of 
the amplifier. 

(//) There is no forward transmission through the feedback 
network. Now we shall calculate voltage gain, output resistance 
and input resistance. 


Voltage gain. From fig. (7), we have 
V 0 =A,Vt-l L Ro 

and V ’ = ~R^Rl {Vs ~ BVm) 

Substituting the value of from eq. (2) in cq. (1), we get 

K »=;rnr ^s-bv 0 )-i l r„ 

Ki+Ks 
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-.(3) 




■ ••(4) 


or V t [\+B AJ\=A„.V s -hR t 

where A «=ibnk 

Ko= 1 +B A„, ~ Il ~\ +BA„ 

Here A vS represents the open circuit voltage gain, taking into 
account the source resistance Rs. 

Taking R s into account, the overall voltage gain with feed¬ 
back is given by 

• <4) 

If | A* B | > > I, A vif ^ MB and hence voltage gain is stabilized. 
Output resistance. The output resistance with feed-back 

- (5) 

For negative feedback, | l+£ A oi | > 1 and hence R 0 f( R 0 • I 1 
is also clear from eq. (5) that the output impedance with feed¬ 
back depends somewhat on source resistance R s as A of depends 
upon Rs . 

The above expression (5) has been derived by considering R 0 
as the output resistance of the amplifier and treating Rl as the 
external load. If, however, R L is considered as a part of the out¬ 
put resistance of the amplifier, then eq. (5) is modified as 

*"" = \+BA r, " (6) 

where R<,ir =Output resistance considering the load Rl as a part 
of the amplifier with feed-back. 

/?„/== Output resistance considering the load R L as a part 
of the amplifier without feed-back. R„i will be a 
parallel combination of R 0 and R L . 

/Ir,=Gain of the amplifier taking both load and source 
resistance into account. 

Ioput resistance. Without feedback, the input resistance R, 
is given by K///,. With feedback, the input resistance is defined 
as 


R,.ir= 


...( 6 ) 


Rif-~r -Rs 
h 

From fig. (7), V s =J i (R s +Ri)+BK 0 

V s =I i (Rs+R,)+B AyR.l, 


-(7) 


...( 8 ) 
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where V i =R i .J i 

and Ai'=(A„Rl! Rf\~ F u) 

Ay is the voltage gain without feedback with R s = 0 and 
taking load Rl into account. 

Substituting eq. (8) in eq. (7), we get 

R if =(R s +Ri)+BAy Ri-Rs 

or Ri/=R.U + BAv) ...(9) 

For negative feedback | I +BA %-1 > 1. Hence R if > /?,. 

So the negative voltage series feedback increases the input 
resistance of an amplifier. It should also be noted that R„ 
depends somewhat on the load resistance since A, is a function 
of R l . 

Notations regarding symbols. In this article, the following 
symbols are used : 

A„= Open circuit voltage gain (Rl= co) and R s =0 

/t wt =Opcn circuit voltage gain ( R L =x) taking the source 
resistance into account (/?%*()) 

Ay ssVoltage gain taking load resistance into account (Rl* 0) 
with R s = 0 

Ay t B Voltage gain when both load resistance and source resis¬ 
tance are taken into account (R L * 0 and R s * 0). 

In case of feedback, an additional subscript / is attached to 
each symbol. 

19-6-1. EMITTER FOLLOWER (An amplifier with voltage series 

Feedback) 

Fig- 8 (o) gives the circuit of emitter follower using a 
resistance R ( in the collector circuit. In this case, the output 
voltage V n is developed across R f . Fig. 8 ( b) gives the approxi¬ 
mate small signal equivalent circuit using the amplifier CE hybrid 



(a) Emitter follower (6) Approximate small-signal equivalent 

circuit. 

Fig 8. Emitter follower (voltage scries feed-back). 
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model. The voltage series feedback is provided by the load resistor 
R c itself. 

Voltage gain. The voltage gain Ay, without feedback may be 
obtained by connecting the grounded end of V s to E. With this 
modification, we have 


and 

Hence 


Vs=(Rs+hle) h 
Vo = hft IiR e 

J _ V 0 life Re 

yi ~ Vs~Rs+h,e 


...( 1 ) 

...( 2 ) 

..■( 3 ) 


From the circuit, it is clear that BV 0 =V 0 i.e. t B= 1. 
We know that voltage gain with feedback is given by 


Ay,f- 


Ay, 


Ay, 


(V B= 1) ...(4) 


1-f -Ay,B 1 + Ay, 

From eq. (3), substituting the value of Ay, in eq. (4), we 


get 


hfe Re 


hfe Re 


A — Rs + hie 

1 4 . R < ~Xs+h,e+ll/e Re 
Rs + hie 


...( 5 ) 


Input resistance. Putting R s =0 in cq. (3), we get 
A r =tef £and R,=l, lr 
we know that 



Rif=Ri (1 +BAy) •••(?) 

Substituting the value of Ay and R t from eq. (6) in eq. (7), 
we get 

R„=hu [l + l !!£f']=l„ t +h„ R' ...(8) 

Output resistance. The output resistance without feedback is 
the ratio of output voltage to the output current i.e., R 0 =V/I, 
where V and I are respectively the open circuit output voltage and 
short circuit output current of the amplifier />., with the grounded 
side of V s in fig. 8 (b) connected to E. Since 


and 


^ Lim y _Lim hfe Rc Vs 
R,->co 0 /?,-->'» Rs+hie 
eJtfeVs^ 

Rs + hie 




V Lim 


Re. 


’ I Re->CC 

Hence the output resistance without feedback is infinite. 
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Now 

Li, » R 

R - R q 

I +B A.,-. h,e K. 

+ *s+h* 

Lim R$ ~t~ hie _ R s +li ie 

Rc~> c© Rs+h* , i lift 

—R—+ /,f '- 

This gives the output resistance. 

Here voltage gain, input resistance and output resistance are 
derived by assuming that there is no forward transmission 
through feedback network. 

19 7. CURRENT SERIES FEEDBACK 

Fig. (9) shows the circuit of a current series feedback 
amplifier. The emitter resistor R, is not bypassed by any con- 
densor and the negative feedback is provided by this resistor. 
The a.c. developed across R. is applied at the input circuit of the 
amplifier. Thus it provides a feedback voltage proportional to 
the current in the load. Since R L P R the presence of R, in the 
emitter circuit docs not substantially change the current gain of 
the amplifier. This is known as series derived feedback and it 
tends to maintain constant current in the load. 


BASIC AMPLIFIER 



Fig. 9. Amplifier wilh current series negative feed-back. 

Voltage gain and input resistance. Applying Kirchhof's 
voltage law to the output circuit, we have 

V 9 =A 9 Vi-Il{Ro+ Rr)+I,R, 
=A,RJ,-lLiRo+R<)+I,Rt (7 K=R,/,) 
={A v Ri + R.) Ii—Il (Ru+R.) ...(I) 

Applying Kirchhof’s voltage law to the input circuit, we 

have 


Ks+/fc& = // (Rs + Rl + Re) 
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/,= 


Vs+Il K 


..( 2 ) 


0r 1# ~*f+*+*r 

Substituting the value of /, from equation (2) in equation (1), 
we get 


or 

or 

where 

and 


V 0 = 

/4m = 


Ks- (Rs+Ri+R<) 

. (A v Rl + Rr) \*| 

— II Ro + Rc S 

{Rs + Rl + Re) jJ 

VsM-1l Rof 

...(3) 

(A v Rj+Ro) 

{Rs+Ri+Re) 

...(4) 

Ro/^lRo^Rf 

...(5) 


V 0 =1lRl 

Substituting this value of V 0 in eq. (3), we get 
I L Rt^Vg.A,i—Jt [R„+Rc (1—/)«>)] 
of Il=[Rl-\-R f¥Rt (l — A M )]=Vs-A, 

,_ V*Am 

Il ~[Rl+Ro+R< 0—<..)] 

If 1 J*, A* \> Rl+Ro+R'< *ben 

. VsM _ Vs 

,L ~ Re A - R< 

The voltage gain Ay,/ is given by 

. - V _±JlRl 

Ay,/- y* y s 

Substituting the value of 4 from eq. (6) in cq. (7), we get 

V**L _ *L 

V o R r Rr 


Ay,/ 


...( 6 ) 


...( 6 ') 


...(7) 


...( 8 ) 


From cq. (8), we conclude that Ay,/ is stable provided that Rl 
and R, are stable resistances. 

Input resistance. The input resistance without feedback Ri 
is defined by R,= V,lh where /* is the input current. The input 
resistance with frcedback is defined by 

Ri/=~—Rs -( 9 ) 

*i 

From cq. (9) and (2), we get 

Ri/^Ri+RyQ-A,) -( 10 ) 

where the current gain A, is defined by 

A,=l L lli -(H) 
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19 7-I CE AMPLIFIER WITH UNBYPASSED EMITTER 
RESISTOR 

One of the most common meihods of introducing current feed¬ 
back is to place a resistor in the emitter lead of a CE amplifier. When 
a bypass condensor C, placed across /?,, then /?, provides dc bias 
stabilization but there is no ac feedback. When C, is removed, 
an ac voltage is developed across R c . This voltage serves to reduce 
the input voltage between base and emitter. So the output voltage 
is reduced. Fig. 10 (a) shows the CE amplifier with a resistor in 
emitter lead and fig. 10(6) a simplified diagram for ac quantities. 



(a) CE amplifier (b) Simplified diagram for ac quantities. 

Fig. 10. CE amplifier with resistor in emitter lead. 

Input resistance. The input resistance with feedback is given 


/V=tt 


V,_Vi±K 
I, h 


(V K=Y/+K) 
R,Ic 


V{.V. r i Rr,r -R. I Rr r 
-7T + 7 7 =R,+ ir~ Rl+ i'-i. 

R ,JC _ 

But I,ll r =li/'l(\+h/ r ) 

Rif=Ri+0+ii/‘)R< . ... 

or /?,/=/!,v+(H-/»/.)«.- (where R,=li, r ) •••(') 

If the bias resistors R=R, II R-. are taken into account, then 
R-^RifWR -( 2 ) 

Voltage gain. According to eq. (4) of article 19 7. we have 

A — AJRrYRt 

Rs+Ri+R' 

where —hfrRhor-hit) an d Ri = hu 
So the open circuit voltage gam considering the source dis¬ 
tance is given by 

-Pf. ke + Re 

. _ h ot-hie _ 

A "~ R s +h,<+R< 
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A _J_ f —hfe+hotRe 1 

h* m [Xs+h'+Xe\ 


...( 2 ) 


Now we shall calculate the load current. According to eq. 
(6) of article 19*7, we have 

r _ /n 

L [RL+Ro-tR<(l-;U) ' 

Substituting the value of A from eq. (2) in eq. (3), we get 

1 r hfe-yhoe R e 1 y 

J K L(/?s+/l„+*,) I 5 _ 

/ _ (-!>/'+hot R')Js _ 

or +MR.+J?/.)] (Jt s +h,'+R')-R' (—lift+hot Rt) 

Assuming that //<*(&+/?£.)< 1. then 

,LKS Rs+hu+R, (\+h,t) - (4) 

Again if, h/ c R e >(Rs+h ie +R e ) t then Il^Vs/Rc 
Voltage gain with R l in circuit is given by 

Ayj-^zx-Ri/Rt ...(5) 

Output Resistance. We know that 
R 0 f—Ro-\-Rc (1 ~’A vt ) 

.t... 

■■■ srif}] 

On simplification we get 

D 1 T AO +A/>)+/*/*■( I + hoc Re) T , C \ 

0, ~ho\_ (R>+T*M) J - (6) 

Example. For the amplifier shown in fig. 10(a ), the transistor 
has hf c =50 and In e — 1K olun. Willi Rl = IK ohm , R e =J00 ohms , 
R—Ri || R 2 =J0 ohms , calculate the following : 

(i) The gain A 0 if R c were adequately bypassed and Ri 

(ii) The approximate feedback factor B (C c removed) 

(Hi) The input resistance with feedback R^ and R' lfi 
(/v) A vf 

r.\ A R L —hf e Ri — 50x IK 

(0 Ay-—*— -rr-=- 50 

ohm. 

(ii) ^l-S - 01 “ 




-( 6 ) 
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(iii) Rif=hi,+(\+lii') R, 

= 1A+(1 + 50)I00=61K ohm. 
R , „=R ir ^R= 6-1 || I0X=3 8K ohm. 


(iv) Ryf= 


— Ii/,Rl _ — 50 x IK __g.j 


1„ 61 K 

19 8. VOLTAGE SHUNT FEEDBACK 

Fig (11) shows the circuit of CE amplifier stage with voltage 
shunt negative feedback. The feedback is obtained through regis¬ 
ter Rr connected from collector to base. The circuit arrangement 
is the same as used to provide stabilization of the operating point 
against temperature variations. 



Fig. (11). CE amplifier with shunt feedback. 

First of all we shall show that this configuration confirms the 
. VAdhack fn the circuit, the output voltage V„ is much 
heater than the input voltage V, and is 180’ out of phase with V, 

Hen “ -V. 

D Rr 


=BV, 


_ Rr 

WhC Since the feebaefeurrent'is proportional to the output voltage, 
the circuit is an example of a voltage shunt feedback omplfier 

Fig. 12(a and b) shows the equivalent circuit using the Miller s 
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(b) Equivalent circuit of voltage shunt feedback 
Fig. 12. CE equivalent circuit 


theorem wherein feedback resistor R f has been replaced by two 
resistors. 

Input resistance. It is obvious from fig. 12(Z>) that input 
resistance is a parallel combination of h le and R h i.e, t 

R,f=h if II Ri ...(1) 

where Ri~ 


1 Ay 


Here 

and 




V 0 -h /e R\ 


V, ~ h le 

R'l=Rl II Ri^Rl U Rf (Assuming | Ay | >1) 
Thus Rif is small since R x is small. 

The resistance seen by voltage source 

=Rif~\~Rs •••(2) 

Overall voltage gain. The overall voltage gain is given by 


Ay ’ /=Ay Rs+R,f 
Output resistance The output resistance is given by 

(Rs+lhe) 


R,-*i 

Rc, ~Rs 




...(3) 


...(4) 


Example 1. For a common emitter shunt feedback amplifier , 
///«. = / KQ t /i/,=50, R l = 1K(), R f =40KQ and R s =600 ohms. 
Calculate input resistance , overall voltage gain , R 0 f and , overall 
voltage gain with feedback. 


Here 


— hf, X Rl 


1 


hle 

1 


Rl ^Rf—l 


where R L '=R L U Rf 
1 1 40+1 


Now 


Rl 

Rl=4 0/41 KQ 

- 50 x (40/41) 


40“ 40 


iL 

40 


Ay 

Ri 


i 


= -49 


Rr 


40 




1 -Ay~ 1 —(—49) ~50“5 
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so 


R„=\KQ II UqJ-KQ 


= 444.0^440.0 


Ay if = Ay. 


Rif 


= -49. 


RsA-Rif 

440.0 


600.04-440.0 


-21 


Rf (Rs+hlr) 

Ro '-Ts h« 

40ATO (600.04-1*0) 


= 21 K 


"600.0 50 

Example 2. For a common emitter shunt feedback amplifier , 
find (i) A, (ii) Rn and also the resistance seen by V s and (iii) 
AyJ Given that R L =4KSi, R,=40KQ. R s =,0KQ, h^l lKSi 
and h/ e =50. 


(0 


Ay=— 11 : Rl where Rl=Rl II R, 
n„ 


Now 


1 


1 I 


Rl ~Rt + Rf 


4*0 r 40*O 


104-1 

40 


T> 


• • 


R l '= 3*64 *0 
-50x364 
Ay= pi 


-166 


(ii) 


Hence the assumption that | Ay | 1, is justified. 

Rf 


Now 


Ri/=h„ II R, where R, 

40 KQ 40 KSi 

Ri = 


- I -Ay 
=0-24 KQ 


(iii) 


1 + 166 167 

*,,.= 11 At! 110 24 KQ 

_(ll)x(0 24^ A'f2=200.'-> 

1-34 

so the input impedance is quite small as predicted. 
The resistance as seen by the signal source 
=Rs+Rif 

= 10KQ+020KQ=101 KQ 

, -A R " 

Ay ^ —Ay R ^ Rf 
0-2 


— — 166. 


.- = -3 26 


104-02 

Approximate equation of A„i is given by 

, __*L_ 12=_4 

Ay '<~ R s ~ 10 
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19 9. CURRENT SHUNT FEEDBACK 

Fig. (13) shows the circuit of a current amplifier using current 
shunt feedback. The circuit utilizes two CE stages in cascade, 
with feedback from second emitter to the first base through 
resistor Rf. 



Fig. 13. Current amplifier with current shunt feedback 


Now we shall consider the following two points : 

(/) The connection of fig. (13) produces negative feedback. 
(/'/') The configuration of fig. (13) approximates a current 
shunt feedback pair. 


(/) Due to voltage gain of transistor T u Vi t is much larger 
than Vi x . Moreover V/ t is 180° out of phase with Vt x . 
Because of the emitter follower action, V e% is slightly 
smaller than V/ t These two voltages arc in phase. This 
shows that V e% is greater than Vi t (in magnitude). The 
two voltages are 180° out of phase. When the input 
signal increases, I s increases and consequently//also 
increases. Now I t (=/s—//) is smaller than it would be 
if there were no feedback. This action is the characteristic 
of negative feedback. 


(//) We have shown that Ve t p V,\. Neglecting the base 
current of T z> compared with the collector current, 


7 Rf 
Ve^-Io R e 

From eq. (1) and eq. (2), we get 


Rf 



/„ ... (3 ) 

where B=R e /R f 

Eq. (3) shows that the feedback current is proportional to the out- 
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put current /„. Hence this circuit forms an example of current 
shunt feedback. . . 

To analyse the current shunt feedback, we first simplify tn . e 
network of fig. (13) by applying the Miller’s theorem. The equi¬ 
valent circuit is shown in fig. (14). 



Fig. 14. Equivalent current of the amplifier. 

(1) Voltage gain Ay from base of T, to emitter of T 2 . 

The input resistance of transistor T z is given by 

*4-fcr + (l+W**' " (4) 

where R r '=R. II */( V . *.=- because A r'> 1 ) 


The voltage gain from base to emitter of T s is 
A' — I —— 

Ayt Ri t 

The effective load of 7*. is given by 
R' l =Rc x B Rc t 

The voltage gain from base to of T t is 

j - h * R l 

Ar '~ — K, 


...(5) 
...( 6 ) 
...(7) 

•*»c 

The voltage gain Ay from the base of T, to emitter of T t is 

!l ” by Xr-MJr. •••(*) 

(2) Input Resistance R,f 

*„=/?, n h,e -(9) 

The resistance seen by the signal source 

= Rs~\-Rif ...(10) 

(3) Overall voltage gain with feedback A Vif 

The voltage gain A Vl of transistor T z from base to collector 
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hft Rc t 


*3 


...(II) 


The voltage gain Ay from the first base to the second 
collector 


Ay = Ay x Ay t ...(12) 

Thus the overall voltage gain with feedback 

=Ay[R l ,l(R l/ +Rs)] ...(13) 


EXERCISE AND PROBLEMS 

1. What do you understand by feedback ? List as many advantages of nega¬ 
tive feedback as you can think of, indicating any possible restrictions or 
disadvantages associated with each. 

2. Discuss the principles of negative feedback in amplifiers with neat dia¬ 
gram. Why is negative feedback applied in high gain amplifiers. 

3. Explain how negative feedback can increase the value of bandwidth in an 
amplifier. 

4. Derive an expression for the gain of negative feedback amplifier. Why is 
the voltage gain of an amplifier with negative feedback smaller than with 
no feedback ? 

5. (i) What types of negative feedback are there ? 

(//> Which one always produce an increase in input resistance ? 

(///) Which type increses input resistance aod decreases output resistance ? 

6. Describe the action of emitter follower. Derive expressions for voltage 
gain, output resistance and input resistance. 

7. How is curicnt-serics feedback introduced in a CE amplifier ? What 
happens to the voltage gain, input resistance and output resistance in a 
CE amplifier with current series negative feedback ? 

8. Calculate voltage gain, input resistance and output resistance in a CE 
amplifier with current shunt negative feedback. 

9. An RC coupled amplifier has a mid frequency gain of 400 and lower and 
upper 3 db frequencies of 100 Hz and 15 KHz. A negative feedback net¬ 
work with (i= 0 01 is incorporated into the amplifier circuit. Calculate 

(0 gain with feedback and (i7) new bandwidth 

[Ans: (0 80. (ii) 75 KHz) 

10. (/) If an amplifier has a bandwidth of 200 KHz and a voltage gain of 
100, what will be the new bandwidth and gain if 5% negative feedback is 
introduced. 

(ii) What is the product of gain and bandwidth before and after adding 
negative feedback in (i) [Ans: (0 1*2 MHz, 16*7; (ii) 2x 10 7 Hz] 

11. A transistor with h i( = 1 5 K ohms and h ft =75 is used in an emitter 
follower circuit. If R e = R L =860 ohms and R x | R,=20K ohms, Calculate 

{u) Ai. (b) R it (c) R,\ (d) A Vy (e) R ot ( f)R'o assuming 

Rs= 1 K ohm. 

[Ans: (a) 76, (6) 66*9 KQ, (c)\5AKQ. (d) 0 978, (e) 32 9 12, 

(/) 31*712] 
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12. An amplifier consists of three identical stages as shown below in fig. (15). 
Each stage has a gain of 50. If 1/100 of the output of the last stage is 
feedback to the second stage as a negative voltage feedback, calculate the 
overall gain of the amplifier. 



Fig. 15. 

13 An amplifier has a gain of 70 and a normal input signal of 01 volt. 
Negative feedback with a feedback factor of 01 is added. Find the system 
gain and the input voltage to get the same output voltage. 

14. An amplifier's total harmonic distortion is reduced from 8% to 2% when 
5% negative feedback is used. 

(,) what was the initial voltage gain of the amplifier when the distortion 
was 8% ? 

(ii) What is the gain with 2% distortion. 

15 An amplifier has a voltage gain of 100. A technician decides that 10% 
negative feedback should be employed to reduce distortion. 

(,) What will be the voltage gain with feedback ? 

/,/) Finding the voltage gain to be excessively low with 10% negative 
feedback, the technician believes a doubling of voltage gain will result if he 
reduces the negative feedback to 5%. By ho* much does the actual 
voltage gain differ from the expected value ? 

(,’,/) What should be the feedback in order to double the gain that existed 
in (0 ? 


JAns: (i) 9 1. (/«) 15. (»7r)-4 5%) 
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TRANSISTOR POWER AMPLIFIERS 


20 1. INTRODUCTION 

In general, a practical amplifying system [fig. (1)] consists of 
several stages that amplify weak signal until sufficient power is 
available to operate the output device (like loudspeaker). The 



LOUDSPEAKER 

Fig. 1. Practical amplifying system 

first stages function as voltage amplifiers. We have already dis¬ 
cussed the audio amplifiers used for the purpose of voltage ampli¬ 
fication where the output power seldom exceeds only a few milli¬ 
watts. These amplifiers arc used for small signal voltages. For 
their analysis small signal equivalent models are used, in fig. (I), 
the last stage is a power stage where a power amplifier is used. 
The power amplifiers are large signal amplifiers which raise the 
power level of the signals. In power amplifiers, the output voltage 
and current swings arc so large that the employing device can not 
be replaced by its linear model. In such a case graphical analysis 
is used. Here it should be remembered that large swing of output 
current and voltage results in introduction of harmonic compo¬ 
nents in the output. This is known as harmonic distortion. So 
in power amplifiers, care must be taken in designing and operation 
so that the harmonic distortion is not excessive. The power amp¬ 
lifiers arc divided into the following two categories : 

1. Audio power amplifiers. They raise the power level of the 
signals that have audio frequency range (20 Hz to 20 KHz). These 
amplifiers sulfcr from two major drawbacks : 

(i) At radio frequencies they become less efficient. 

(/'/) As audio power amplifiers have mostly resistive load, 
their gain is independent of frequency over a large bandwidth />., 
they amplify a wide band of frequencies equally well. So the 
drawback is that they do not permit the selection of a particular 
frequency while rejecting all other frequencies. 

2. Radio power amplifiers or tuned power amplifiers. They 
amplify a specific frequency or narrow band of frequencies. 
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We know that radio and television transmission are carried 
on a specific radio frequency assigned to the broadcasting station. 
So the radio or television receiver should pick up and amplify the 
desired radio frequency while rejecting ah others. For this pu - 

pose, the resistive load of audio power amplifier is replaced by 
parallel tuned circuit. The impedance of tuned circuit depends 
strongly upon frequency. The tuned circuit serves two purposes : 
(/) selection of desired frequency and (//') amplification of the signals 
of resonant frequency and a narrow band on either side, in 
this way, the use of tuned circuit in conjuction with a.transistor 
amplifier make possible the selection and efficient amplification of 
desired radio frequency. Such an amplifier is called as tuned 

amplifier. . 

The power amplifiers are generally classified according their 
mode of operation L the portion of the input "hich 

the collector current flows. On this basis, they are classified as 

(/) Class A power amplifier 
(/7) Class B power amplifier 
I Hi) Class C power amplifier. 

20 2 DIFFERENCE BETWEEN VOLTAGE AND POWER 
AMPLIFIERS 

Voltage amplifier. A voltage amplifier is designed to achive 
maximum voltage amplification. The voltage gain is given . 

A.=Pj^ m 

In order to achive high voltage amplification, the following 
features arc incorporated in such amplifiers: 

//) The transistor with high p (>100) is used (i.e.) the tran¬ 
sistor should have thin base. 

(//) The input resistance R,. should be low in comparison to 

collector load R c - . ... ... 

mi) Collector load should be high. To permit this condition, 
|he amplifier is operated at low collector current. Now large R< 
can be used in collector circuit. 

(/»•) Usually R C coupling is used. 

(v) Input voltage is low. 

(i■/) Power output is low. 

Power amplifier. A power amplifier is designed to obtain 
maximum output power. In order to achieve high power ampli¬ 
fication, the following features are incorporated in such amplifiers: 

(/) Transistor with comparatively smaller p is used i e., the 
base of the transistor is made thicker to handle large currents. 

(Hi) The size of the transistor is made considerably larger to 
dissipate the heat produced in the transistor during operation. 
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(iii) Collector resistance is made low. 

(iv) Transformer coupling is used. 

(v) Collector current is high. 

(vi) Input voltage is high. 

(vii) Power output is high. 

20 3. CLASS A POWER AMPLIFIERS AND POWER DISTRI¬ 
BUTION 

Class A power amplifier is one in which the output current flows 
during the entire cycle of input signal i.e., the conduction angle is 
360°. For this to happen, the power amplifier must be biased in 
such a way that no part of the signal is cut off i.e., the operating 
point is so selected that collector current flows throughout the 
full cycle of the applied signal. 

Fig. 2 (a) shows a CE connected transistor forming a class A 
power amplifier while fig. 2 ( b) shows the output characteristic with 
a centred 0-point. 



i i i 


(a) Class A amplifier (b) output characteristic 

Fig. (2). Class A amplifier. 

In fig. 2 ( b ), Icq and V efQ represent quiescent (no signal) col¬ 
lector current and voltage between collector and emitter respec¬ 
tively. When an a c input signal is applied, 0-point shifts up 
and down from its central position. The output current increases 
to I c (max) and decreases to I c (min). Similarly, collector-emitter 
voltage increases to V tc (max) and decreases to V ce (min). 

The power drawn from collector battery V cc is 

Pin (rff)=F fC ] C Q ••-(!) 

This power is used in the following two parts : 

(i) heat dissipated in collector load 
Erc{</c) = IcQ 2 . B c 


...( 2 ) 
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(ii) The rest is given to the transistor 

P„ W =V,< 1cq-1\q. R' ~ (,) 

The second part is subdivided into following two parts: 

(а) a c power developed across the load 

P 1 ...(4) 

Po (ac)-I • R <~ R c '2R c 

where / represents the rms value of ac output current throughi load 
and V is the rms value of ac voltage. V„ is the maximum val 
of V. 

It can be prove that 

V„ (Max)- v„ (Min) .. /, (Max)-I c (Min) ] 

-2V2 V. J 

[ VJMax)-V <r (Min)\ x (IAMax)-! c (Min)) 

= 8 “ 

(б) Power dissipated by the colltctor region in the form of 

heat is expressed by P < ( *) 

So the power flow diagram of a transistor is as follows : 

Pm (Jc) 


Po 


heat lost in load 
resistor 

Pr, ( dc) 


power delivered to 
transistor 

Pir (dc) 


heat lost in transistor 
i.e.y collector region 
Pc (dc) 


I 

a c power 
developed across R ( 

Pc (<ir) 


- % # 

The overall efficiency of the amplifier circuit is defined as 

a c power delivered to the load 
= total power delivered by d c supply 
av erage a c power output ^ Po ( ac ) 

= average dc power input Pm (da 
The collector efficiency of a transistor is defined as 
average a c power output P a ( a o 


= Average d c pover input to transistor = P u Wr) 


(5) 


( 6 ) 


Maximum A C power in load. In this case, we assume (at 
jeast theoretically) that voltage and current swings down to zero 
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are possible as shown in fig. 

(3). Obviously, under such 
conditions we get the maxi¬ 
mum possible a c output 
power. 

From fig. (3), it is ob¬ 
vious that collector current is 
a sine wave with peak to peak 
value 2I c q or a maximum 
value of I C Q . The rms value 
will be 7 cQ /V2. So the 
maximum a c power in the 
load will be 

[ Po (ac) ]mox=(IcQlV 2) 2 B c F 'S- 3 - Maximum a c power in load 

=0*5 I c q 2 B c —(7) condition 

In terms of V ceQt it can be expressed as 
[ Po <«<) Ux=(Vce 0 IV2Wc 

=0-5 V\ eQ IR e ...(8) 

Example. For class A, CE amplifier V ec =20V t R c =20Q t 
V ( <q= 10V and I c q= 500 mA If collector i.e. t output current varies 
by ±250mA when an input signal is applied at the base , compute 

(/) total d c power taken by the circuit 

(/'/) (I c power dissipated by the collector load 
{Hi) a c power developed across the had 

(iv) power delivered to the transistor 

(v) (l c pow er wasted in transistor collector 
(iv) overall efficiency 

(vii) collector efficiency. 

(0 Pm <</«>= 7,0 = 2Ox 500mA = 10 4 m IF=10W 

Vi) Prc (*>=7 2 f(?x /? r =(500//i/t) 2 x20=5\V 
VH) P n (at) =-7 2 x 7? 0 

According to the given problem, maximum value of output ac 
current r. 250m/l=0 25/f. 

rms value of 7 -0 25/^2 
/ 0‘2S \ 2 

X20=0'625W 

('•') Power delivered to the transistor P„ Wf) = 10-5=5YV 
(v) d c power wasted in transistor collector 
Pc Mc)= 10—5—0 - 625=4'375\V 

O'v) v ( 0 verall)=-^l x 100=6 25% 
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REFLECTED LOAD 
R'i 


LOAU 



(v/7) v (col!ector)= ^ y— x 100=12’5% 

20 4. TRANSFORMER COUPLED CLASS A AMPLIFIER 

Fig. (4) shows the circuit of class A transformer coupled 
amplifier Here the collector has a transformer as the load for 
impedance matching. In class A condition, transistor operates 

during the whole of the 
input cycle and results in 
distortion free amplification 
provided the device is linear. 

In order to get maximum ac 
power output, the peak val¬ 
ue of the collector current 
due to signal should be equ¬ 
al to zero signal collector 
current i Q point should 
be located at the centre ol 
load line. As external load 
R l is coupled by the trans¬ 
former of turns ratio n to the 

power amplifier, the reflected 
load into the collector cir¬ 
cuit is ri* Rl- 

In fig. (5), idealised 

characteristics for common 
emitter configuration with 

load line are shown. Under 
a c conditions, reflected 
load appears across the 
transformer giving an a c 
load line. 

When ac signal is ap¬ 
plied, collector current fluc¬ 
tuates due to which operat- 

: n „ point moves up and . 

h x i «wi lint* and dur- Big. (5) Idealised CE characteristics with 
St c$ tatants vo„a 8 e and current wave 

voltage across the transistor will forms. 

eed the supply voltage. For class A operation, operating point 
q w j|| be located half way up the load line. 

In an ideal transformer, there is no primary drop, hence 
V„Q= V,< and K« 0 =K„ o ,/2 

l,Q = lmaxl2 

where V„„ and arc permitted voltage and current for the 

transistor in this configuration. 


Fig. (4) Circuit of transformer 

coupled class A amplifier. 


LOAO LINE 
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Under maximum capacity of class A amplifier, voltage swings 
from V max to zero and current from I max to zero. Hence 


rms 


-M^r) " d 


,L 


rms 


Useful ac power Po(ac)=yrms 

ymax-1 m ax 


8 

Total power supplied to the circuit / > /n( t / c )= Vcc-Icq 

Pin(dc) = yceQ-lcQ (V Vc*q) 

1 / r 


cQ 

y ma * 


x ^f 
x 2 


ymax X I m ax 


Hence overall efficiency 


Vo*, all 


-£*2- c) - X 100 


= 8" X *00- 


50% 


Example 1. A class A power amplifier has a transformer as 
the load. If the transformer has a turn ratio of 10 and the secondary 
load is 80Q y find the maximum ac power output. Given that zero 
signal collector current is 100 mA. 

Load as seen by the primary of transformer 
R L '=n 2 R l 

= (10) 2 x 80—8,000f? 

Max. ac power output 

Ic*+Rl 


i /ioo v 

* x (1000/ 


x 8,000 = 40 watt. 


Example 2. A class A amplifier operates from V CC =20V % 
draws a no signal current of 5 amp and feeds a load of 40Q through 
a step up transformer of iitlfh—3'16. Find 

(i) Whether the amplifier is property matched for maximum 
power transfer. 

(ii) conversion efficiency at maximum signal input. 

(/) The load as seen by the primary of transformer 

R l '=h 2 xRl where n is the turn ratio 
According to given problem /i=if,//i 2 =(l/3*I6) 




* , Vcc 20 

Rl - 1 ^ = T 


AQ 


Further 
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so the amplifier is properly matched. 
(»/) maximum value of ^.o-j 

The dc power input — V C cX/co 

=20x5=100 W' 
50 
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100 


x 100=50% 


Example 3. A power transistor working in cla>s A operation 
is supplied from a 15 volt buttery. If 

change is 100 mA, find the power transferred to a 50 loudspeaker 

if it is 

(/) directly connected in the collector 

(H) transformer coupled for maximum power transference. Fmd 

the turn ratio of the transformer in second case. 

(/) When the loudspeaker is directly connected in the 

collector D 

Voltage across the loudspeaker—A *cX 

= 100 mAx SQ=0’SV 

Power developed in loudspeaker 

=0-5^xl00m,4=0051^=50 m\V 
(ii\ Output impedance of transistor=A VJ A lc 
K 9 =\5VI\00 mA = \5QQ 

Now load as seen by the primary 

Rl'-iPxRl or 150=/i*x 5 
n*=30 /. w=\/(30)=5 48 

Transformer secondary voltage = primary voltage/;. 

— 15/5*48 = 2*73 k 

2* 73 

Now Load currcnt=-jg-=*0'546 amp 

• Power transferred to the loudspeaker=/ t s x R L 

■■ 10 =(0 546)*x5 = l'49W 

20 5. CLASS B POWER AMPLIFIER 

When the collector current flows only during the positive 
half cycle of the input signal, the amplifier is called as class B 
mnlificr For class B operation, the transistor bias is so adjusted 
7 cro signal, collector current is zero it., no biasing circuit 
s needed During the positive half cycle of the input signal, the 
circuit is forward biased i.e., collector current flows while during 
the negative half cycle, the input circuit is reversed biased r.e no 
collector current flows. Thus the operating point Q is located at 
collector cut olT voltage. Fig. (6) shows the class B operation 
interms of ac load line with maximum signal input. 

In dass B amplifier, the negative half cycle is totally absent 
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from the output and hence the 
distortion is very high. As 
average current is less than class 
A amplifier, hence power dissi¬ 
pation is less i.e. % overall effi¬ 
ciency of the amplifier is increa¬ 
sed. 

In this case the value of Id c 
is given by 

1 f" 

4/c = 2“I /c (max) sin d d0 


•AC. LOAD 
LINE 

\p v 


'f(mai) 


Fig. 6. Class B operation in 
terms of ac load line. 


Pln(dc) V ee X ld c 
P _ _ VccXlc(max) 


V' rm(dc)= - - -“ 

IT 

rms value of output collector current=/,(«o*)/\/2 
rms value of output voltage = V cc /\/2 

ac output power during half C ycle= J j (-^ j 

(Here factor half is introduced because power is produced during 
one half cycle.) 


Po(ac)- 


le(max) X V< 


p 

Now overall efficiency i 

P ln(dc) 

or ij 0rfra ,i=~ =0*785 

= 78-5% 

20-6 CLASS A PUSH-PULL POWER AMPLIFIER 


The distortion introduced by non-linearity of the dynamical 
transfer characteristic using a single transistor as amplifier can be 
minimised considerably by push-pull arrangement. The amplifier 
is then known as push-pull amplifier. Fig. (7) shows the circuit 
arrangement of class A push-pull amplifier. 

In fig. (7), r, and are two identical transistors with their 
emitters joined together. The input signal is applied to the inputs 
of two transistors through centre tapped transformer 7> x . This 
transformer provides two equal and opposite voltages applied 
between the base and ground of the two transistors. The collectors 
of both the transistors are connected to the primary of the output 



Transistor Power Amplifiers 


809 


transformer 7V.. The resistors R, and R. form the voltage divider 
network. With the input signal applied, equal and opposite 
voltages appear at the two ends of the secondary winding A and 


i 



Fig. 7. Class A push-pull amplifier. 

B During any given half cycle of the input signal, one transistor 
is* Heine driven (or pushed) deep into conduction, while the other 
being nonconducting (pulled out). Hence the name push-pull 

amplifier. ^ . . . 

The input voltage V x at the base of transistor T x is given by 

K, = K m cos wt ...(1) 


Similarly, the voltage at the base of transistor T 2 is given by 

V i =-V l =V„cos(wt+ir) ...(2) 

/. Collector current of transistor T x is given by 

j^I'+Bo -Bx cos wt+B : cos 2 w/+2? 3 cos 3wf+... (3) 


Collector current of transistor 7* 2 is given by 

L^L+Bo + Bx COS (w/ + rr)+£ : COS (2wf + tt) 

2 -f5 3 COS(3u>f + :r) 

or ii=>I e +B 0 -Bi cos wtA B 2 cos 2 wt-B 2 cos 3.(4) 

From fig. (7), it is obvious that currents i t and /, flow 
throueh the primary of transformer 7> 2 in opposite directions. 
Thus the output current i 0 in the secondary will be proportional 
to the difference between the collector currents /, and /, i.e. t 


=2 K [Bx cos w/+£ 3 cos 3u>f+...] ...(5) 

Thus in the output, all the even harmonics are eliminated. This 
conclusion is reached on the assumption that the two transistors 
are identical. If their characteristics differ slightly, even harmo¬ 
nics appear in the output. As, in general, fifth and higher order 
harmonics are negligibly small, the third odd harmonic term in 
class A push-pull amplifier alone produces any significant contri¬ 
bution. 


W\ 
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Advantages : (i) Even harmonics are absent in the output. 

(ii) Due to the absence of even harmonics in the output, the 
circuit gives more output power per transistor for a given amount 
of distortion. 

(iii) The effect of ripple voltages contained in the power 
supply caused by inadequate filtering are balanced out. The 
reason is that the currents produced by the ripple voltages are in 
opposite directions in the transformer winding. 

Disadvantages : (i) Power supply hum is not eliminated. 

(ii) Centre tapping is required in transformer. 

(iii) Two identical transistors are required. 

20 7. CLASS B PUSH-PULL AMPLIFIER 

Although class A push-pull amplifier reduces harmonic 
distortion, yet the conversion efficiency is still only 50%. In order 
to increase this efficiency as well as the output power for a given 
transistor dissipation capability, the class B push-pull amplifier is 
used. The circuit arrangement of class B push-pull amplifier is 
the same as that of class A push-pull amplifier except that the 
transistors are biased at cut-off. This is easily done by providing 
zero bias on the base of each transistor by connecting the base 
and emitter together. The circuit arrangement is shown in 
fig. (8). 



Fig. 8. Circuit of class D push-pull amplifier. 

Transformer 7>, is phase splitter providing two voltages V x 
and V 2 which .are 180° out of phase. When no signal is applied, 
both the transistors 7\ and T, arc cut-off. There is no current 
drain on the supply V C c except for the reverse leakage current. 
Thus there is no power wasted on standby. When V s goes 
positive the transistor T> will be reverse biased and will not con¬ 
duct any current while 7*, will be forward biased allowing current 
/'i to flow. When V s goes negative, the transistor T 2 becomes 
forward biased and allows a current # 2 to flow while transistor T\ 
becomes non-conducting. In this way, only one transistor con¬ 
ducts at a time. The output transformer serves to join the two 
currents producing a full sine wave in R L . The output voltage is 
again depend upon the difference of collector currents, so that 
even harmonics will still cancel. 
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Efficiency of class B amplifier. For class B P^h'P“ ■arrange¬ 
ment, both halfs arc useful inputs. Fig. (9) shows ,°“. £•“ 

waveform. The load current, which is P r °P ort '®"*'J ,c JJji 
rence between the two collector currents is therefore a perlect 
sine wave for the ideal conditions assumed. 



The corresponding direct collector current in each trantistor 
under load is the average value of the half sine loop. For this 
waveform, the value of /* is given by 

, Limn>) 

...(■) 

The factor 2 in this expression is introduced because two transis¬ 
tors are used in push-pull system. 

The r.m.s. value of collector current = 

The r.m.s. value of output voltage = I JV* 

(Here it is assumed that for maximum voltage of input s.gna , 
y ( n |f this condition is not satisfied and for maximum input 
voltage vl=V M then r.m.s. value of output voltage will be 

v tc 

a .c. output power for full cycle 

Limit) V (C 


or 


Limax) * 

Point) — 2 

N ow overall maximum efficiency 
P ol.») 

W"-p lmv< I 


••■( 2 ) 
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Jcjmax) XV ce 1^ f_7r_ 

2 X 2\l c{max) xV C c 

=j =0-785 
4 

=785% 

Effect of signal amplitude on the efficiency. Suppose | Vs \ is 
the signal amplitude for which output is maximum. Now suppose 
it is reduced a time, so that new signal amplitude is a| Vs |. 
Corresponding to this value, maximum collector current and 
maximum collector voltage will be reduced by the same factor if 
load and battery voltages are kept constant. Therefore power 
output for reduced signal will be 

= r.m.s. collector current x r.m.s. collector voltage 

_ a ^c(max) O Vcc a i I c (ma *) X V cc 

~ y/2 x V2 “ 2 

Now to calculate the efficiency for the reduced signal, the 
further requirement is the calculation of power taken from the 
battery. In class B amplifier, battery voltage equals V ec . The 
mean value of current being 2/ <(m<w) /ir, which for new signal 
amplitude will be 2aI eiinaX )hr. Therefore, power taken from 
battery 

2a Ic(ngx) Vec 
= -- 11 

7f 

Now, 

ac po wer output 
oy> ' ra "~ (i c power input 

fl2 lc(jnax) V ce l2 7T 

~2aI c{mftx) V cc Tn- a A 

This expression for the efficiency shows that efficiency is reduced 
as amplitude decreases. 

.. . Collector dissipation. In class B amplifier, the collector 
dissipation is zero in the quiescent condition and increases with 
increase of excitation. The total collector dissipation in both 
transistors equals the power input from collector supply source 
minus the power delivered to the load. 

— EiUdc) — Po{ac) 

_ 2oIcimax) X V, c fl 2 I c ( inox ) V cc 

* 2 
But I C Wax)= V (C !R l ' 

where Ri is the value of load as viewed in primary of transformer 
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So 


R'l=(NJNi) 2 Rl* 
n 2a V*„ a* V\ c 
Pd= 


uR'l 2 R'l 

To find the value of a for which power dissipated is maximum, 
we must put 

dP D lda =0 i.e. t 
7V*" 2aV\ t 
ttR'l 2 R' l 


or 


a=- 

ir 


Therefore power dissipation is maximum when signal amplitude 
is 2 /tt | V s |, where | V s | is the signal amplitude for maximum 

output . 


(PdUx= 


2-1 

n 


v\ 


<c 


/4_\ 

U 2 ) 


V 2 


cc 


r R'l 


2 Rl 


or 


2 V 1 

(Po)m*. = ^ -gr-- 


Advantages : (i) Greater output power, (ii) higher efficiency 
and (iii) negligible power loss with zero signal. 

Disadvantages : (i) Harmonic distortion is higher, (ii) self¬ 
bias can not be used and (iii) supply voltage should have good 

regulation. 

20.8 TUNED AMPLIFIERS : 

A tuned amplifier is one which uses a parallel tuned circuit 
(anti resonant circuit) as its load impedance. These amplifiers are 
nsed for amplification of a narrow band of frequencies. This is due 
to the fact that a parallel tuned circuit has high impedance at its 
freouency of resonance and the impedance falls off sharply as the 
frequency departs from the frequency of resonance. In case of 
tuned amplifiers, the gain versus frequency curve is very similar 
n the impedance versus frequency curve of the tuned circuit. For 
he adjustment of the resonant frequency at the centre of the band 
of frequencies to be amplified, a resonant circuit generally uses 
ther a variable capacitor or a variable inductor. Thus the impe¬ 
dance of the tuned circuit or the gain of the tuned amplifier 

Tf C ( r , and i'j be ihc primary and secondary voltages. N, and N* 


be the numbe 

r of turns in pnmiry 

and s 

Let 

n 

N,IN 

£i_ 

1 

v ±. 

Now 

it 

"rt* 

it 

or 

R'l 

1 

"V 

Rl • 
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remains more or less constant over this narrow band of frequency. 
Transistor tuned amplifiers may be divided into two categories : 
(/) small signal tuned amplifier and (//) large signal tuned ampli¬ 
fiers. Small signal transistor tuned amplifiers are meant for ampli¬ 
fying small signals at radio frequencies. The power involved is 
small. They operate under class A operation and hence the dis¬ 
tortion is negligible small. Large signal transistor tuned ampli 
fiers, on the other hand, are meant for amplifying large signals at 
radio frequencies. In this case, power involved is large. They 
operate under class AB , B or C conditions providing large collector 
circuit efficiency. The main drawback is that distortion gets incre¬ 
ased. Of course, the tuned circuit itself eliminates most of the 
harmonic distortion. For further reducing the harmonic distor¬ 
tion, they use push-pull operation. Here we shall consider small 
signal tuned amplifiers. To obtain a large gain, a number of tuned 
amplifier stages in cascade are used. The cascade tuned amplifiers 
can be put in the following three categories : 

(1) Single tuned amplifiers . 

(2) Double tuned amplifiers. 

(3) Stagger tuned amplifiers. 

(1) Single tuned amplifiers. They use one parallel tuned cir¬ 
cuit as the load impedance in each stage. The tuned circuits in 
different stages arc tuned to the same frequency. 

(2) Double tuned amplifiers. They use two inductively coup¬ 
led tuned circuits per stage. Both the tuned circuits are tuned to 
the same frequency. 

(3) Stagger tuned amplifiers. They use a number of single 
tuned stages in cascade. The successive tuned circuits being tuned 
to slightly different frequencies. 

20 9. SINGLE TUNED INDUCTIVELY COUPLED 
TRANSISTOR AMPLIFIER : 

Fig. (10) shows the circuit of a CE single tuned inductively 
coupled transistor amplifier. Here the voltage developed across 
the tuned circuit is inductively coupled to the next stage. In this 
circuit R\ — R> along with C r combination in the emitter cir¬ 
cuit provide the emitter bias. The coil L of the tuned circuit and 
the inductively coupled coil L 2 feeding the next stage form a trans¬ 
former. The parallel tuned circuit formed by capacitance C and 
inductor L resonate at the frequency of operation. 

The input and output equivalent circuits are shown in fig. 11. 
(a) and ( b ) respectively. 

In the output equivalent circuit Fig. 11 (b) C represents the 
total shunt capacitance. L and R are the inductance and resistance 
of tank circuit coil while L 2 and R 2 arc inductance and resistance 
of secondary winding respectively. 
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Applying KirchofTs voltage law to the primary and secondary 
winding yields. 
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y=iiZn+itZtt 

...( 1 ) 


0=/iZ 21 -f I* Z 22 

...(2) 

where 

Zu == R 4" jojL 

v/ 

-(3) 


Z l2 =Zn=jwM 

..( 4 ) 


Z 22 = R 2 +Ri +j<oLt 


From eq. (2). 

r hZn 

U Zm 


Substituting the value of I> in eq. (I). we get 



V—1,7,. — f. v7.«— 7, 



r —•lZ'ii *i 2^ x ^ I2—il 

z>. J 

or 

• 

ts 

II 

< 

...(6) 


The impedance Z ln seen looking into the primary is given by 

__ ZnZ , 2 —Z | 2 2 

A z 22 


Z'n 


or 


7-7 Zl * 2 
— Z|1— - 

z 22 


...(7) 


Substituting the value of Z„, Z l2 and Z 22 from equations (3), 
(4) and (5), in equation (7), we have 


or 

or 


Z,„^(R+juiL) + -jj -— [as R/ %> R* and tuLj] 

' (v ** > R) ...(8) 

The equivalent circuit of fig. 11 (6) may be redrawn as shown 
in tig. (12). The inductance L with series resistance <may 
be represented by L in shunt with R,„ as shown in fig. (13). The 
value of /?,,, is given by 

R (“O* I LV- „ 

" (a/ ) R ‘ 

For maximum transfer of power at resonance, R /p must equal 

Jin. 


...(9) 



...( 10 ) 


(13), the shunt resistance R 0 and R/ p may be combined 
to yield the total shunt resistance R„. The equivalent circuit of 
ng. (13) in terms of R„ can be represented as shown in fig. (14). 
This circuit may be used to obtain the response of the amplifier. 
Let w 0 be the resonant angular frequency. Then w 0 is given by 
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Fig 13. Modified equivalent circuit. 



Fig. 14. Modified equivalent output circuit. 


1 

w °~V(LC r ) 



The effective quality factor or the circuit magnification factor of 
the entire output is given by 

Susceptancc of induc tan ce L or capacitance C 
Q*~ Conductance of shunt resistance R„ 


D 

&="« CR " = Z£ 


...( 12 ) 


The impedance of C', L and R„ in parallel is given by 


Z Pu JuL 
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1 r OJOJqC' R,i , R/I OJQ ~| 

XJL «o ycuocL J 


J 

Ru 


Comparing eqn. (12) and (13), we have 

Rn 


Z= 


\_w 0 w J 


...(13) 


...(14) 


Let 5 indicate the fractional frequency variation, i.e. variation 
in frequency expressed as a fraction of the resonant frequency 


or 


5 = oi —gg_ = co_i 

OJo <O 0 

—= 1 -f8 
w 0 




or 


Z 


in 


1+7 20,8 ...(15) 

(Because at any frequency w close to frequency of resonance w 0 » 
M 1). 
we have 

Rt>'» 

...(16) 


V' 


b*— y ! 


Rbb+Rb* 

The voltage is given by 

V—gm y'br Z 

= ~ gm V ‘ K-J+R*. X 1 +j 28 Q. - (17) 

The voltage gain at frequency of resonance w 0 and at any 
other frequency w close to u> 0 may be found as follows : 

From equations (1) and (2), we have 

r — rz 2l 

y * ar-y- > 7 ...( 18 ) 

^21^12 —Z n Z 2t 

The output voltage V 0 is given by 

V 0 =-I 2 R, ' (see fig. lib) ...(19) 

From eqs. (18) and (19), we get 

vz ix 


Vn= — 


= VR, 


ZnZiz—ZnZiz 
Z 21 


xRi 


^uZa-Zu 1 


...( 20 ) 
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Substituting the value of V from eq. (17) in eq. (20), we get 

i/ -(21) 

v 0 - g” V ‘ Rto'+Rtf' 1+/28 Qc ZixZtt-Zit 

The voltage gain A at any frequency w is given by 

, V 0 Rbc Ru _ v R‘ z n ...(22) 

gm Rbb'+Rb'c l+;28 0, ZnZu-Zn 

Voltage gain at resonance where w=w 0 and 8=0, we have 
Rb , R" Rl Zil 


Aro- gnt rt w '+/? 6 ./ x 1 x ZnZj 2 -Z|i X 


-(23) 

...(24) 

-(25) 


HenCC ^T-“1+72^7 

3 (IB bandwidth is given by 

Qt B 

Rn 

From eq. (12), Q»~~i 

Under condition of maximum transfer of power, the total 
resistance appearing in shunt w.th the coil equals RJ2. Hence 

n= R'l2 = J ! _ ..(26) 

t ^ r OJqL 2w 0 L 

From cqs. (25) and (26), we gel 

ojq = _Ro —(27) 

B 2wqL 

Thus the value of L will be governed by the bandwidth B 
required for the amplifier. 

20 10. DOUBLE TUNED TRANSISTOR AMPLIFIER : 

Fie ( 15 ) shows the circuit of a CE double tuned amplifier. 
The voltage developed across the tuned circuit in the collector 
circuit is inductively coupled to the another tuned circuit. The 
two circuits arc tuned to the same frequency «.«., the frequency of 
the signal. 

The equivalent output circuit of the amplifier is shown in 
fig. ( 16 ). 

tn the eauivalent output circuit of fig. (16), R, and R 2 may be 
combined to form R/. Similarly. J», in parallel with R may be 
brought in series with L to form R„ . This modified equivalent 

circuit is shown in fig. (17). 

Aoain the current source g„ V„,, in shunt with capacitance 
C' may be replaced by voltage generator P, in series with C. In 
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Tig. 15. Circuit diagram of double tuned transistor eraplifier. 



Fig. 16. Equivalent output circuit. 



Fig. 17. Modified equivalent circuit. 
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this way, the modified final equivalent circuit is shown in fig. (18). 

» c ' . I, hi* _ 




* II L 


Fig. 18. Final modified equivalent circuit. 

The impedance Z,„ seen by the primary in fig. (IS) is given by 

»'M-- /11 

Z,»=--t pr 

At resonance “o and ^ -*^ 2) 

Hence at resonance, Z in reduces to 

Hence at resonance, for maximum transfer of power R 0 ‘ must 
equal Z, i.e., is adjusted to critical value M c such that 

r ■ -W 

«° - R . 

or R; or vW ' ...(4) 

If K, be the critical value of the coefficient of coupling corres- 
ponding°to the critical value M, of mutual inductance, then 

VI R» Ri't-'-K' 


., \‘ (Rq _ ( *•' V' a .. I *•’ V' : 

c w„y/{LLi) \oj 0 L I \ujoU) 


K,= V(Q.e.) 

From fig. (IS), we have 

K,=Zn A+Zis /- 

0=Z t i /| + Z„ /; 

where Za=R* +j ("^ 


- ( 5 ) 

...( 6 ) 

..(7) 

-.(*) 




...( 9 ) 
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...( 10 ) 


Z\\ =Z 21 =jw 0 M 
At resonance Z n =R 0 ' and Z 22 =/?,' 

For maximum transfer of power at resonance 

Zh=jRo', Z<i%—Ri and Z\%=jwoM c 
From equations (6) and (7), we have 
j V x Z 2I 


...(ID 


...( 12 ) 


Z 11 z 22 -Z Jt * 

Substituting the values of Z 21 , Z n and Z 22 from eq. (11) in 
cq. (12) we have 

j ...(13) 


(/ S ). 


max ■ 


Ro VWW 

Substituting the value of from eq. (4) in eq. (13) we get 

The magnitude of (It) max is given by 

V x 


2^{RoRi) 




..(15) 


2y/(Ro'Ri') 

Power transfer is maximum at two other frequencies. These 
two frequencies may be obtained by equating the value of (/ 3 ) n « 
as given by eq. (14) to the value of I t given by eq. (12) where Zn, 
Z 22 pertain to any frequency w close to to 0 . Thus we get 


-jVy 

2V(*o 'R,') 


-jviV w*n 


(*»' +Juj L + jJc') (**' +jmLt + ji.) + b ' R °' Ri ' 

...(16) 

where the coefficient of coupling 
K=bK e 

Lot L. = L, C,=C" and R a '=R,'=R] 

and 

Now eq. (16) may be put as 
IV _ 


...(17) 


or 

or 

or 


2R ( R+jX)-+b'R ‘ 

I 26 |=|-AT*4-2/ /?*+ fl*+6 s /?* I 
(l-|-6*)-Ar*p+4J?*Ar ! 

Solving cq. (19) for X, we get 

^=±/? V /(6 ! — 1) 

(“L-~y±RV(b‘-l) 

(<U S iC— 1)—±«oC/? [ V '(6=-1)J 
Now wCR^vj 0 CR=~- 


...(18) 

...(19) 


...( 20 ) 

(V 2 is large) 
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also 


w ° 2 =Ze 


Equation (20) yields 


rr- 1 * 


V'(6 S -1) 


U) 


Hence 


, //,, v(y-i> 

W^i^O / I lx Q 


) 


—( 21 ) 


red rt»s^ 

U as given by eq. (.8) to ±- times (/,U as given by eq. (14). 
ThUS -jVjb VWJtQ _ 

(v+M+^)(^+> £ * + jirj +MW 

■ -( 22 ) 
= V2"|2V(tf.'/V)| 

or wL ^ c . = ± R^±2») 


But 


ujo> 0 LC--= ±o,„CR^{b--\±2b) 

U) 

J 

o»CR~Q and 


...(23) 


O. <* y(t»-1±2/>)_ ...(24) 

Ui 0 w ^ 2 

r- ,*^n oives two ?</£ frequencies w t and w,, one 

corresponding to positive sign and other corresponding to nega- 

,,vcsign T-, z.\ {=_=} 

\ wo oj \">o ">/ 

This yields „,= v<"i"«) 

Now taking positive sign in eq. (26) we have 
w t wo v ((6 2 —1)4-26} 

wo 2 

,£^^ V((6-1)4-261_ 

Or WqO>2 2 

w^-o>.w 2 y{(6 2 -1)4-26}, 
or w 0 w: 2 


...(25) 

..■( 26 ) 
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i V{(b 2 -\) + 2b} 
w o ~ Q 

Thus the 3 dB bandwidth is given by 

«*-«<»= gty{0»- I)+2A} ...(27) 


This shows that 3 dB bandwidth (w,—o>,) is proportion to 

In case of a single tuned amplifier, the 3 dB bandwidth is equal to 
This shows that 3 dB bandwidth in case of double tuned 
amplifier exceeds that in a single tuned amplifier by a factor 
\/{(b*-\)±2b). 


EXERCISES AND PROBLEMS 


1. What is an audio power amplifier? Explain the difference between a 
voltage and power amplifier. 

2 . Define and explain the following terms as applied to power amplifiers 
(i) collector efficiency, (ii) power dissipation capability and (iii) overall 
gain 

3. State clearly the meaning of class A, B aod C as applied to power 
amplifiers. What is meant by ‘angle of flow’ ? 

4. Why should an amplifier be operated at a load resistance lower than the 
value that would provide maximum output ? 

5. Explain class A power amplifier ? How power is distributed in it ? 

6. Discuss class A transformer coupled amplifier. What do you mean by 
transformer saturation ? 


9. 


10 


II. 


12 . 


13 


14 


Discuss class B power amplifier and calculate its overall efficiency. 

Draw the circuit diagram of a push-pull amplifier using a pair of comp* 
lementary transistors and explain its operation. Discuss the advantages 
and disadvantages. 

Show that tor a push-pull amplifier, the even harmonic components 
cancel each other when there is a perfect balance. 

Draw the circuit of a class B push-pull amplifier and explain its 

opernuon. Derive an expression for its maximum conversion 
efficiency. 

(a) What type of bias is used in a true class B push-pull amplifier ? 
MOW IS this obtained in a transistor amplifier ? 

(b) If each transistor handles one-half of the signal, what component 
combines the two ? 

(a) What assumptions arc made in calculating the maximum theoretical 

a cla !* B P ush -PuH amplifier to be 78-5% ? 

(b) What is the waveform of current flowing from the power supply that 
Iccds a da's B push-pull amplifier ? 

'l Wh ,r h0Uld s '. lch po " cr su PP'y has good voltage regulation ? 

rndTon 1P - ?*!' an,pli,ier - ,hc '“'Ciency decreases as the ampli- 
tude of input signal decreases. 

What do you mean by a tuned amplifier ? Explain a single tuned 
inductively coupled transistor amplifier. 
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15. What is a double tuned amplifier ? Show that in case of double tuned 
amplifier the 3dB bandwidth exceeds that a single tuned amplifier. 

16. A single transistor working in a class A amplifier with a transformer- 

coupled load produces harmonic amplitudes in the output of 
4-l'Sm4 /4, = 120 mA, A t =\0mA % A^AmA. A x -2 mA, 

A a —1 mA. 

(a) Determine the percent total harmooic distortion. 

(b) Assume a second identical transistor is used along with a suitable 
transformer to provide push-pull operation. Use the above ampli¬ 
tudes to determine the new total harmonic distortion in the output ? 


[Ans. (a) 9%. (b)3 4%). 

17 The conversion efficiency of a class B push-pull amplifier is being deter- 
' mined experimentally. An output power meter on the secondary of the 
transformer indicates 5 W. The transformer is known to be 70/ o efficient. 
An oscilloscope connected across a 0-6 ohm resistor in series with the 
power supply shows a full wave rectified waveform o. peak value 
380 mV. If l / fC =24 V , determine the conversion efficiency of the 

amplifier. 
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FIELD EFFECT TRANSISTOR AMPLIFIERS 


211 . BIASING THE FET : 

Like a bipolar transistor or a vacuum tube, the FET or 
MOSFET must be properly biased before it is put to use an 
amplifier. The consideration must be given in biasing the FET to 
place its operating voltage and current within the linear portion 
of its active region. The factors governing the selection of an 
appropriate operating point (Vds* l Dt V G $) for a FET are similar 
to those for tubes and transistors. So before discussing a parti¬ 
cular FET amplifier, we shall first discuss the following biasing 
arrangements : 

(1) Self Bias : In case of a FET, a reverse bias voltage is 
to be applied across the gate to source junction. So a simple self¬ 
biasing technique used for vacuum tubes 
may also be used in FET. Fig. (1) 
shows the self biasing. The conventional 
current flowing down through R s 
produces a source to ground voltage 
given by 

Vs=Id Rs 

Since negligible gate current flows, hence 
the gate terminal is at d.c ground i.e. t 
-- 0 . 

So Vgs— — V s — ~lo Rs 
Thus biasing voltage V Gs is set up 
entirely by IR drop across R s Due to 
this fact the circuit is called self-biased. 

For a.c. signals, a capacitor having a large value is connected in 
parallel to R s to avoid any degenerative feedback. 

(2) Voltage divider Bias : Fig. (2) shows the voltage divider 
bias. In this case, the voltage developed across R 2 appears as the 
voltage between gate and source i.e., V c 

and y os-Vo-b*s 

The voltage divider bias is only used in JFETs when large supply 
voltages are available. With low voltage supplies, this bias is not 
preferred. 
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+v oo 



^DO 


A 


p • ^ * *0* *"* 

nv Source Bias : The source bias is shown in tig. (3). 

Summing voltages around the gate, «e ha\c 
IcRg+Vgs+IdRgs-Vss^O 
i -~¥?s~y gs—i gRg 

But' V u -Vos>hR« (for a practical circuit) 

. v»-v<k_ 

b -£ 


Fig. 3. 


When Yss much 6 reater ,ban Kcs ’ lhen 


to (ideal) 

21 2. FET SMALL SIGNAL MODELS : 

The complete a.c. equivalent circuit of a FET includes lead 

C 9 d \Oroin 


W* %\u 


1 I Source 

c v 6 

Fig, 4. a.c. equivalent circuit 
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inductances, internal resistances, internal capacitances etc. How¬ 
ever, in practice, the lead inductances are neglected. Fig. (4) shows 
the equivalent FET circuit in Norton’s form. On input side, C gd 
and C g% represent the capacitance between gate and drain and 
capacitance between gate and source respectively. r gi is the a.c. 
resistance from gate to source. On the output side, C di represents 
the capacitance between drain and source while r (/ , is the a.c. 
resistance from drain to source. 

Low frequency model : At low frequencies, all the capacitances 
becomes high enough to neglect. The input resistance between 
gate and source r gs in infinite because reverse biased gate current 
is assumed to be zero. Similarly the resistance between gate and 
drain is infinite. The equivalent circuit is shown in fig. 5. If 
we compare the low frequency model of FET with a low fre¬ 
quency //-parameter model of BJT, we observe the following 
points : 


(i) Both have Norton’s 
output circuit. 

(ii) In FET model, the 
generator current depends 
upon input voltage r gx while 
in BJT model, the generator 
voltage depends upon input 
current. 

(iii) In case of BJT, 
the feedback takes place from 
output circuit to input circuit 
through the parameter //,, 
while there is no feedback in 
case of FET. 



Source 
Fig. 5. Low frequency small 
signal model. 


r r ) , lnpul . rc * iMance of common emitter is about 1 KQ while 
i i i nns almost infinite resistance. 


iile il Vmn r , * show ,hal ,ow frequency FET forms a more 
h .'r .i r han conventional BJT. It should be remembered 

n „ rr:T y ° r ,ET is r «‘" c ‘cd only to low frequencies 
and not to high frequencies. 

of FKT*K [[ cl|ut " c} l n,odel Thc li'gh frequency small signal model 
hetw^n d.ff 'I'' 6 ' At hi & h frequencies, the capacitances 

Esr fSEr/sr “***•“ 


(i) There is a feed back from output circuit to input circuit, 

(ii) \oltage gain drops rapidly as frequency increases. 

For diffused junction FET, the different capacitances are 

C'.=0*l to I pF 

and C 8i and 1-10 pF. 
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Fig. 6. High frequency small signal model. 


21*3. 


COMMON SOURCE A.C. AMPLIFIER : 


Pioiire 7 shows the common source a.c. amplifier. In fig. 7 
,he dSn cu!ren« flows through *s and develops a voltage wh.ch 



Fig. 7. Common source a.c. amplifier. 

.. oatt* iunction. Rc is provided for a d.c. return 

r na V .h rSe 'The Thevenin equivalent circuit for small signal common 
source a.c. amplifier is shown m fig. 8. 

Since the same equivalent 
circuit can be used as for tn- 
ode and hence the voltage gain 
and other quantities can be 
calculated similarly. 

Valtage gain Ay —The vol¬ 
tage gain is given by 


Ay 


— pRl 
r t i+RL 



Fig. 8. Thevenin equivalent 
circuit. 
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or 



raBt 


fd+Ri. 


gm 


Rl 

1 +(Rdr d ) 


If r d p Rl (not always), then Ay^—g m R L . 

For example using a FET 2N38I9 for which g m varies from 
2000 to 6500^ mhos and for /?l=I 0AT ohms and r d =20K ohms, 
we have Ay= — \3 to —42. 

Output resistance—The output resistance is a parallel com¬ 
bination of rj and R L which is given by [(RifdJRL+rd)\- For the 
above example the output resistance is approximately IK ohm. 

Input resistance—The input resistance to the amplifier is Rg 


214. THE COMMON DRAIN OR SOURCE FOLLOWER : 

The basic circuit of a P-channel FET source follower is shown 
in fig. (9). The following expressions can easily be derived : 



Fig. 9. The common drain or source follower. 


Voltage gain Ay 


R 


s 


gin R' 


Rs+ 

M gm 


~ffiA when " ► 1 

Output resistance—Output resistance is a parallel combination 
of R s and r d l(l Hence 

d _ ^xrj/d+K) Rs 

when * p 1 

Input resistance—The input resistance will be determined by 
Rg. Following are the characteristics of a source follower FET 
like emitter follower : 


(i) Voltage gain is less than unity. 

(ii) There is no phase reversal. 

(iii) High input impedance. 

(iv) Low output impedance. 
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21-5. COMMON GATE AMPLIFIER : 

The basic circuit of a common gate N-channel FET amplifier 
is shown in fig. (10). The circuit is just hke a grounded grid 
amplifier. 



Fig. 10. Basic circuit of common gate Channel FET amplifier. 

In this amplifier, we have 

(li + \) Rl ( rjgrn±\)_RL 

Voltage 8 a,n== Jj+RT ” **+Rl 

r j+RL 

Input resistance- 

Output resistance=rw+/?s 0+/*) 

The amplifier has the following characteristics: 

(j) High voltage gain (if R s is small), 

(jj) Low input impedance. 

(iii) High output impedance. 

(iv) No phase reversal. 

^ ' nU t Using the equivalent circuit show that if two identical 
F m7 clnneZd in parallel, then g m is double and ? is half of 
,hat of individual FET. If FETs are not idem,cat show that 

rA 'a,^ r a. 


_ m ruA-Wh 

and F r dl +r dt 

I et two FETs with mutual conductance gm, and gm, and resis¬ 
tances ra and n t be connected in parallel as shown'in fig. (11). 
The two drain resistances are in parallel and total current flowing 

in the circuit is g„ x »*>• 

Considering the equivalent circuit, we have 


and 


Wd, 

“ r d ,+r d . 
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Two FETs in parallel Equivalent circuit 


Fig. II. Two FETs connected in parallel 
For identical FETs, z mi --= g ,„, and r dl =r fli 

Thus g m =g„, i "F gm% =2z mi and r d =-~ 1 - ^ - 

r,h +r dl l 

when the FETs, are not identical 

r i= r ~rr and g"=gm, +gm. 

Now n=r,g,„=,f±£.lg mi+ g mt ) 

r di “t ~T 0l 

On simplification, wc have n=:^ |rjr ^ 

r<h +r d , 

216. GENERAL TREATMENT OF LOW FREQUENCY COM¬ 
MON SOURCE AND COMMON DRAIN AMPLIFIER : 

For analysing common source and common drain amplifier 
simultaneously, we draw a generalized circuit as shown in fig. 
(12a). In the circuit, we have not shown the biasing arrangement 
for the sake of clarity but it has been assumed that the circuits are 
properly biased for linear operation. The equivalent circuit is 
shown in fig. (126). For common source amplifier R s =0 and the 
output (vo)i is picked up at drain terminal D. In case of a common 
drain amplifier, Rl—0 and output (r 0 ) 2 is picken up at source 
terminal S. 

Applying Kirchoff’s voltages law to the output, we have 

IdRl+(Id —ifmVfj) r d -{-J qR^=0 •••(!) 
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...( 2 ) 


get 


gut v s% =vi—IdRs 

Substituting the value of the from eq. (2) in eq. (l),we 

IuRl ' '.h-g* («'.- / oKs)} r.i+I D Rs =° 



• •(3) 


. PW __ 

Solving wc get //>= r , + /fe+0x+l)* s 

Wc now consider the following two cases: 

,n Common source amplifier with unbypassed source resistance 
d in this amplifier, R L constitute the load impedance. The vol- 
Jgc developed across load is given by 


—PViRl 

(v 0 J.—foxJk- r</+ /? L +(^+I) R. 


..•(4) 


.notivP «ion indicates that the output voltage is out of phase 

10 cq - < 4 >’ ,he Thevenin ' s 

equivalent circuit is shown 
in fig. 13. Now voltage gain 
is given by 

(>’.)■ _ -**•■ tlir 

H+RL+to+D** 

...(5) 

when R s is bypassed with 
a large value capacitor in 
parallel or S is grounded 
(/.*., Rs= 0 ), then voltage 
gain is given by 


Ay — 



Fig. 13. Thevenin’s equivalent circuit 
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Ay ~ r d +j£ " (6) 

(2) Common drain amplifier with drain resistor In this 

case, output is taken across R s . The output voltage (v 0 ) 2 is given 
by 

(vo)z=IdRs 

_ pviRs 

rd+RL+(p+l)Rs 

(/z/fA+l) v/Rs _ m 

~ ( r d +R L )l(r+\)+R s •"Y 

The Thevenin’s equivalent circuit corresponding to eq. (7) is 

shown in fig. (14). 

The voltage gain Ay is - WAAAfi -o-, 

8 iven by T 


...(7) 


F . 

t±L 

('■«/+ 


*t + *i 

*.+i 


+Rs 


0*+l) 

•■•( 8 ) 

The output voltage is in 
phase with the input voltage. 
When R l = 0, then 

rrrrr + ^ 


Fig. 14. Thcvcnin’s equivalent 
circuit. 

...(9) 


(M + i) ' * ...(9) 

Expression (9) can be written as 

Ay ~ ~Tt+iJ when ( ' t+l) Rs >rd 

For /x f> I, Ay is approximately equal to one. This signifies 
that the output voltage at the source S follows the input voltage 
at the gate. Due to this fact common drain amplifier is referred to 
as source follower. 

Ex - / c \f ommon source amplifier uses FET having drain resis¬ 
tance r,i~ 150 KQ and p= 1 5. Calculate the voltage gain for load 
resistance R L equal to (/) 150 KQ and (//) 900 KQ. 

The voltage gain of a common source amplifier is given by 
Ay= 

rd+Ri. 

(i) Here /*=15, r^—150 KQ and R L =\50 KQ. 

a - 15 x(150x I0 3 ) 15x150 „ 

K ( l50+\50)~lV r = -300 ' 
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(ii) Here #*=15, r (/ =150 A'Q and *i=900 ATft. 

. I5x(900xj0 3 ) _ 15 x 900 _ „ 

Ay — (150+900) 10 3 1050 

Ex 2. A common source FET amplifier uses load resistance 
R, =200 KQ and unbypossed resistor R s in the source circuit The 
FET has drain resistance r d = 100 KQ and #*-20. Compute the vol¬ 
tage gain and output impedance for R s =SKQ. 

The voltage gain and output impedance of a common source 
amplifier with unbypassed resistor are given by 

* -and * 0 ~r,i+(#*+l) Rs 

Av ~ r,+ *L+(/*+D*s 

Here R L =20QKQ, R s =SKQ , r d =\00KQ and #*=20 
—20x 200x 10 3 20x200 

Av ~ [100+200+21x5) I0 3 405 

= -9 876 

Again *„=[ 100+21x5] I0 3 =205x 10 3 .0 
=205 KQ. 

Ex. 3. A common drain amplifier uses FET having '*==200 KQ 
and /*=20. Compute voltage gam and output impedance for a load 
resistance *5=300 KQ. 

For a common drain amplifier without Rs, the voltage gain 
and output impedance are given by 


Ay= 


uR. 


rrf+(/* + l) Rs 
Here #*=20, *5=300 KQ and r d 
20x300x I0 3 

Ay= 


and 


*0 = 


T d 


(#■+» 

200 KQ. 
20x300 


and 


*,.= 


[200 + 21x300] I0 3 
=0923. 

200 xlO 3 


6500 


21 


= 9 53 KQ 


Ex. 4. A common drain amplifier uses FET having r d = 200 KQ 
and u=20 The load resistance Rs is\50KQ t A resistor R L is 
placed in the drain circuit. Compute the output impedance and vol¬ 
tage gain for *z = 100 KQ. 

The voltage gain and output impedance of a common drain 
amplifier with drain resistor R s arc given by 

Al ' = ~r7+X L +(p+l) & d ° M+l 
Here r rf =200 KQ, #*=20, *5=150 KQ and * L =I00 KQ 

20x 150x I0 3 20x 150 


Ay = 


[200+100+21x150] 10 3 ~ 
= 0 87 


3450 



836 


Hand Book of Electronics 


And 


B c 


200xl0 3 +lMx10 s 


21 


Q 


340x10 s 

21 


14-3102 


21 7. COMMON SOURCE 
QUENCEES : 

Here we shall describe the 
analysis of common source FET 
amplifier at high frequencies. 
The analysis can equally be 
applied to MOSFETs and the 
only difference lies in the biasing 
arrangement. Fig. (15) shows 
the common source amplifier 
without biasing arrangement. In 
the circuit the different inter- 
electrode capacittances are also 
shown. The Norton’s equivalent 
circuit at high frequencies is 
shown in fig. (16). Using the 
equivalent circuit, we shall calculate 
(i) voltage gain, (ii) input admitta¬ 
nce, (iii) input capacitance and 
(iv) output admittance. 


AMPLIFIER AT HIGH FRE- 



Fig. 15. Common source amplifier 
taking into account the different 
interelectrodc capacitances. 



i ig. 16. Norton's small single equivalent circuit of 

common source amplifier at high frequencies. 

(i) Voltage gain : The output voltage V 0 is given by 

V 0 =JZ ...(1) 

where 7=current in the lead short circuiting terminals D and S , 
and 

Z= Impedance seen between terminals D and S on short 
circuiting all independent voltage sources and open cir¬ 
cuiting all the independent current sources. 
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The value of / is given by 

I=-grn Vi+Vil(\ljo>C g j)=-g,„ V.+ V'ijoC't) ...(2) 
The value of Z is the impedance of parallel combination of 
Zl , r a . Cd> and C t d. So 




or 


(I /jutCgj) (1 IjwCds) 

Z Z*, rj 


or y =-2 = TL+^«/+T^+}' < / J 

where =admittance corresponding to Z L 

A 

0 .- 1 .= conductance corresponding to r,, 
rj 

Y e j=ju)C s d= admittance corresponding to C sd 
Y Js = jwCdt =admittance corresponding to C* 

The voltage gain is given by 

, V 0 IZ -g~ Vi+Vi IY «) 

Av ~vrvr v ** Y 

. -Km+ygd _ 
Aym: YL+gu+y«+ Y <' 


...(3) 


...(4) 


or 

(ii) Input Admittance : Let the input signal supplies a current 
h which is P divided into two parts i.e.. I, and I, as shown in fig. 
(16). Then 

1 , =- V, x Y„ where Y„=juiC g , ...(5) 

and /,=(Voltage across C sd )x Y gJ where Y,j=jwC, d 
HV,+ Vso)xY«=(V,-V D s)Y, d 

But Koi=/IrX Vi 

l.4V,-A,V,)Y td =Q-Av)V l .Y td 
Now /,=/,+/»=( T„+(l-^) Y td ) y, ...(7) 

The input admittance is given by 

„ // I Y .M\-Ay) Y ti \v, 

Y ‘=vr v, 

or Y t =Y.M\-Ay) Y,j ...(8) 

It is obvious from cq. (8) that for a FET to possess negligible 
input admittance over a wide range of frequencies the gate to 
wurce capacitance C„ and gate dram capacitance C, d must be 

negligible. . 

(iii) Input capacitance : Let the drain circit impedance Z L 
hr a ourc resistance Z L . Now within the audio frequency range, 
the gain of the amplifier is given by 
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—*•*' whm R, ‘-£k ■ (9) 

Now eq. (8) yields the following expression for input capa¬ 
citance 

C,J^=C ts +(\-Ay)C t< , -( 10 ) 

JOJ 

This increase in input capacitance C, as caused by the pre¬ 
sence of the output-to input capacitance C gd is called the Miller 
Effect. 

(iv) Output admittance : The output admittance is obtained by 
looking back from output terminals into drain with V t made zero. 
Making K/=0, the output admittance is a parallel combination of 
r d . C,i s and C gd (fig. 16). The output admittance is given by 

Y^gd+Yts+Y* ...(II) 

21 8. COMMON DRAIN AMPLIFIER (SOURCE FOLLOWER) 
AT HIGH FREQUENCIES : 

Fig. (17) shows the 
basic circuit of common 
drain amplifier taking into 
account the different inter- 
clcctrode capacitances at 
high frequencies without 
biasing arrangement. In 
figure R s is the load impe¬ 
dance. Fig. (18) shows 
the Norton's equivalent 
of this circuit for small 
signals. 

(i) Voltage gain : The 
output voltage V 0 is given 
by 

V o=/Z ...(I) 

where /=current in the 

lead short circuit- Fig. 17. Basic circuit of source follower 
ing terminals 5 and wile intcrelcctrode capaci- 

tances. 

Z=Impedance between terminals 5 and N on short circuiting 
all independent voltage sources and open circuiting all 
independent current sources. 

The current I is given by 

I= Sm Yn+KIUIjm C s ,)=g m V,+ V, (/«, C ts ) 
or /=«.('„+(')'„ where Y„=jo> C„ ...(2) 

The value ot Z is the impedance of a parallel combination of 
R Si r di C di and C gs . Hence 
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Solving for, Y 0 , wc get 

V[g m+Y*A£ ...( 5 ) 

v ' —i T+ gm zT 

Hence the voltage gain is given by 
V Q Ygi 

Av =V, . Y+g„ 

= gm±jiuCgi _ 

(Ks +gd -i juCj, }-juCds +j“>c x ,)+g m 

= ^ iTT n where c ^= C '"+ Q.+C,., 

{gm +£«/+7 wC t) + (1 1 «») 

_(gm+j”Cg*)ft> _ -v 

1+igm+gd+jvCT) & 

(\\) Input admittance : From fig. (18) we find that 
L^Vi (juC gd ) 
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and / t =(K,-K 0 ) {ju>C gi )=V, (1 -Ay) (ja>C gs ) 

where Ay is the amplifier gain. 

The input admittance is given by 


y _/ /»+/• 

Y, ~vr tt 


,, V l (i"C, d )+V l (\-Av)(jo>C sl ) 

or r,== V, 

or Yi=ju>Cgd-\-j<joC gs (\—Ay) •••(7) 

This expression shows that Y t contains a resistive as well as 
a capacitive component, if I. then 

Yi&jwC g d •••( 8 ) 

(iii) Input capacitance : If the frequency is low enough so 
that Ay may be considered a real number, then input impedance 
consists of a capacitance C/, then 

Yi=ju>Ci 


From equation (7) 


or 


j(uCi=joj Cgj+ju) Cg S (1 —Ay) 


C, = Cg d + C gi (\-Ay) 



(iv) Output admittance : The output impedance can be found 
by looking back from the output terminals into the source when 
Vi= 0. From the equivalent circuit [fig. (18)], the output impe¬ 
dance consists of parallel combination of g mt gd (=1 /r d ) and Cr • 
Thus the output admittance is given by 

Example 1. A common source amplifier uses a MOSFET hav¬ 
ing following parameters : s„,= l-8 m AI volt; r d = 50 kQ t C gs = 5 PF , 
C di — 2 PF and C gd = 3 PF. The drain load resistance j? L =150 kQ, 
and the amplifier operates at 50 KHz. Calculate the voltage gain 
and input capacitance. 


Here Yg>=jwCg $ =jx2n(SQx 10 3 )x5x 10“ 12 

=j.n.50 x 10“ 7 mho. 

Y d . » =jujC Jy =7 x x (50 x 10 3 ) x 2 x 10“ 13 
—j x 77 x 2 x 10- 7 mho. 

Y gd =jwC g d=jx2nx (50x 10 3 ) x3x 10" 12 
—j x 7r x 3 x 10" 7 mho. 

? ‘' = ^ = 50Ti0i'^ 2xl0 ' Smho - 

yL= i = “BoW =6 ' 66x 10-8 mho - 

g„,=l-8x 10- 3 mho. 
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The gain of the common source amplifier is given by 

. _ — gm+Yt± _ 

Al '-Y^H7+r tJ +r„ 

_l-8x 10- a +7>-3xl0^_ r 

= 6 i 66‘^TkF‘+ 2 x 10- 5 -r;'».3 x 10-’ -t-7 X jt a 2 X IU-' 

_ —I 8x IO^ M-/”.3x 10~ ’ 

_ 2 t 66x10' s +}>-5x 10-’ 

The i terms arc negligibly small in comparison with real 
terms. Neglecting the j terms, we have 
__l I 8xl02 == _ 67 . 67 
2-66xl0‘ 

The input capacitance is given by 

C »5+O + 67 H 67p=21101 PF. 

Example 2. A common drain amplifier uses J^^FET havmg 

"fiipul capacitance and (l.)o»W advance. 

1 a m =l-5x 10 mho., 

?J== 1 /^rf = 1 /(50 x I0 3 )=2x 10" 5 mho, 
Y,,=jujC„=j-2n x 50 x 10’x 3 x 10 -1 * 

* =/>.3xlO-’ mho. 

Cr=Cv.+C rf ,+C„=l+ 1+3=5 PF 
juiCr-j (2*) 50x 10 3 x 5x 10 
1 -y>.5x 10"’ mho. 

(gn,+ j^C t ,)R, _ 

(i) Voltage gain '<'= i^*,, | g,,+yu,Cr) K, 

(l-5x lO-’+y^xIO^HOOx^ 5 _ 

= fT,-5xlO J -t-2x IO"*+y "-3X iu 'j lOOxlO 3 

ISxlO- 3 +J >-3xlO -’_ 

= io ; TTioxltF^T- 2 x io-‘h-;>5x io- 

The/terms are extremely small and may be neglected. Hence 

^I37^ 098 

( H) mpu« Admittance 

%2y>xlO- 7 mho. 

(iii, >"P ul ca P acl,anCe G :f?3 + S-O l 9^P.F. 

=2 06 PF. 

<M «!»> r ’3s!SPtg r x IO-.+/..SX 10- 

«?152x 10- 5 mho. 


Here 
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EXERCISES AND PROBLEMS 

1 Explain r d , g m and \i of an FEr and how they are determined from the 
static characteristic ? 

2. Draw the circuit of a common drain amplifier with a resistance in the 
drain circuit. Draw its equivalent circuit. Draw the corresponding 
Thcvenin equivalent circuit and der ve the expression for voltage gain, 
output and input impedances. Compute the same given that r rf =-400# 
and ji -20 and the resistance in the drain circuit and in the source circuits 
are lOOOA'tf and 300 KQ respectively. 

3. With a neat circuit diagram explain the principle and operation for Com¬ 
mon source amplifier. Explain the methods of biasing the FET. 
Develop an equivalent circuit and obtain an expression for the voltage 
gain. 

4. Draw the circuit of a common source FET amplifier. Draw its low freque¬ 
ncy small signal equivalent circuit. Derive expression for its voltage gain 
Ay. What is the maximum value of Ay ? 

5. Draw the circuit diagram and the corresponding equivalent circuit of CS 
amplifier with unbypassed resistor R s in the source circuit. Derive 
expression for voltage Ay. 

In one such amplifier. EFT has r u ~20QKQ and jx* 16. The load resistance 
R,, is 200 Kii and R $ m the source circuit is lOAf. Compute the voltage 
gain (i) without R s and (ii) with R s . Compare and comment on the 
results. 

6. A common drain amplifier uses an FET having r,,«400f? and jx»20. 
Compute the voltage gain and the input impedance for the resistance 
/<y=2U0Ai2. Derive the relation used. 

7. An FI.I amplifier is working as a common source amplifier with V p m5V t 
Ids*— 10/M/l. Determine the value of resistance in the drain circuit to 
provide — 10 V bias level, and determine voltage gain with and without 
3K5» ac load resistance. 
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TRANSISTOR OSCILLATORS 


TK» .Wrv of oscillations developed in vacuum tube oscillators 

(/) sinusoidal oscillators, and 

di\ relaxation oscillators. . 

Sinusoidal oscillators whereas^the^taxation 

oscillators opera." on non-linear region of its characteristics. They 
are again classified as: 

(0 feedback type, 

i negative resistance type. . . , , . . 

In fred back oscillators, part of the output is fed back to the 

'.hc posSfve resistance of the associated circuit and thus provides 
for oscillations. 

FEEDBACK OSCILLATORS : 

22 1 TUNED COLLECTOR OSCILLATOR : 

Fiaure (la) shows the tuned collector oscillator usina a junc¬ 
tion transistor with an external feedback 
nath The oscillator contains a tuned 
circuit in the collector circuit. As in case 
o/ 0 vacuum tube feedback -Mediators a 
oart of the output voltage is feedback to 
lc input ; similarly in transistor feed 

back "oscillators, a par, of the oupu, 
current is fed back to the input. 

The output developed across the 
tuned circuit is inductively coupled to the 
base circuit through U The winding 
direction of the two coils arc so adjusted 
fha, the positive feedback takes place 
from the collector circuit to the base 

circuit. 





-1 — 



Pig. 1. (a) Tuned collector 
oscillator. 
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Analysis: Figure (I b) shows the equivalent circuit of the 
tuned collector oscillator using 
CE hybrid model. The transfor¬ 
mer winding resistances have 
been neglected. It is also assu¬ 
med that h„= 0. R is the resis¬ 
tance of the secondary reflected 
in the primary. 

The feed back voltage V f is 
given by 

V/=—jwMI l . ...(1) 

The voltage V t across the 
tuned circuit is given by 



V 2 =-(R+j«>L l )I L =- 

Hence for feed back network, 
—jojMI L 


Fig. 1. (b) Equivalent circuit of 
tuned collector oscillator using 
CE hybrid model. 

Ic 


ju)C I 


fl-h: 
p Vi 


jo)M 


—(R+juL^lL R+jwLi 
V*=-V f . 


Further 
The current I is given by 

/=/;/, h+hot V t . 

Then transfer impedance Z T is given by 

7 V f— __ —jwM II 

T l Jl+Ic Il+Il (R+JujLx] 

Vs 


hie 


or 


Also 

Equation (5) may be put as 

T flit- 

y _ Vf _ */. Vs 

£t ho.- hu- ho.- 

Hence the gain of the amplifier is 


• ••(2) 


...( 3 ) 

...( 5 ) 


...( 6 ) 

...( 7 ) 


- 5 H 


<*fr 


hie.lie 




1 


] 


...( 8 ) 


Zt hoe 

For sustained oscillations, according to Barkhausen criterion, 
—Ap must equal one. 


Hence from equations (3) and (8), we get 

f h ff _J_I 

(R+jtvLdlhieAoe r Z T hoe J ^ * 

Substituting the value of Z r from equation (6), we have 


.••( 9 ) 
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or 

or 


or 


joiM 

hfc , 

1 

(R+jwL i) 


h l ~ jwM \ 

[ I +(R+j<* J Li) jwC\f 


= 1 


jwM r Ilfs {I -r (R +j<oLiYjwC |}^ “I 

*)\_IUeh* lloc.jvM J 


(R+jwL 
jwM.hf e 

hit-hoc hot 


R.jivCy 


iwLy y iwC i 


=R+jwLi. 


•Of 


Multiplying by hJjwCi on both sides, we have 

'It” - ' -*-M.- ( * + ry — 

//,, C, y«*Ci M*i 

h, M . I * 1 \ r — jh»t R . L\ hoe 'j 

"‘■-asK-ar + -crl 

...( 10 ) 

Equating the real parts in equation (10), we get 

life RCi+ h oe L\ ^ j j j 

hie hi 

Equation (II) gives the condition for sustained oscillations. 
Equating the imaginary part in equation (10), wc get 

I hoeR 

u>c, 


or 


0 


or “ ! =rje7 [l +*"*] 

=-Wo* (1+fefify •••(12) 

Equation (12) gives the frequency of oscillations. This equa¬ 
tion shows that the frequency of oscillation exceeds the frequency 
of resonance of the tuned circuit. 

22 2. TUNED EMITTER OSCILLATOR : 

Figure 2 ( a and h) shows the tuned emitter oscillator and its 
equivalent circuit. 





Fig. 2 (a). Tuned emitter 
oscillator. 



Fig. 2 ( b). Equivalent 
circuit. 
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In the analysis, the effect of bias circuit is ignored. The 
collector resistance being high and the resistance of coil L* being 
low, their effect are neglected. 

The loop potential equations for meshes (1) and (2) are 
I (r+j(oL\ + \/jo)C)—ieljuC ±jwMaI e =0 ...( 1 ) 

and I c (r c +rb-\-\lja)C)—IjjtoC — al e rb=0. •••(2) 

Putting R=r e +r b (1 -a), in equation (2), we have 

I (r 4-ytoZ-i +1 ljcoC)=I e [ I IjtoC^jwMa]. * 

and \/ju>C^Jc [R+\ljo)C]. •••(4) 

From equations (3) and (4), we have 

jzc [jlc* jo,M * H * + £c) ( r+]mL '+£c) 


Equating real parts 

i A/ct n . r 

- ^&*-c- =Rr+uc - 

Solviug it, we have 

A/=±[(C/?r/«)-f(Li/«)]. 


1 

co 2 C 2 ' 


This is the maintenance condition and w s =l/(I»C). 
Equating the imaginary parts. 


- -^-+u,L l R-RlwC=0 
tu*I.\CR= R+r 

so ,+ f)' 

This is the generated frequency. 

22 3. HARTLEY OSCILLATOR : 

Figure 3 (a) shows the circuit of Hartley oscillator using a 
transistor. The collector supply voltage is applied to the collector 



Fig. 3 («). Hartley oscillator. 



Fig. 3 ( b ). Equivalent circuit of 
Hanley oscillator. 


through inductor L. The reactance of L is higher than L» and 
hence may be omitted from the equivalent circuit. The capacitor 
C e has a low reactance at the frequency of oscillation and also may 
be omitted from the equivalent circuit. However, C c acts as an 
open circuit at zero frequency. Therefore, it prevents collector 
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supply V cc from getting short circuited by L in series with L 2 . The 
parallel combination of /?,- and C«- in conjunction with 7?, and R 2 
combination provides stabilized self bias. The frequency of 
oscillation is determined by the tuned circuit L r L 2 and C. Since 
the circuit extends from the collector circuit to the base circuit, the 
feedback needed for sustained oscillations takes place through the 
tuned circuit itself. 


Analysis : 

The equivalent circuit of Hartley oscillator is shown in 
fig. 3 (/>). Now we proceed to calculate the frequency of oscillation 
and the value of transistor parameters needed for sustained 
oscillations. 

The effective load impedance Y L is given by 


Zi = 


• , I l_ , Ihr jt»L\ 

lwL ‘\ iwC + h,,+jwL l 
~ 1 . In, JofLi 

JwL ' + >c + a“+>t, 


The voltage gain without feedback is given by 


A - 

iwLi+hoc 

—jwL x .hic 

n_ _ jwLj+hj , _ 

ju)L\.h if _J_ 
jwLi+h,, jwC 


-hZl juL t .hi,l(li, e +j u>Li) 
P jwLi + jujLi hi, 1 

jo)L\ -f- hi, jwC 


...d) 


...( 2 ) 


...(3) 


..-(4) 


From equation (1), substituting the value of Z L and rearranging, 
we get 

( ...(5) 

aL ' { wL '~ Zc)~ 0lLll,,r 

The loop gain to be real, the imaginary term in the denominator 
must be zero. 


/ | \ 

••• cj=— 


Lt wL 


(-i) 


CoL\ + OjLz 


1 

toC hoe.lli. 



848 


Hand Book of Electronics 


or 


f - __ co 2 LjLz ~\ 

C'L hle.hac J 
** ). 


hic.h 


...( 6 ) 


U) = U)Q 

where <jjL\=X x and aiLa=As. 

Thus the frequency of oscillation w is slightly less than the 
frequency of series resonance o> 0 of L u E 2 and C. 

Equating imaginary term to zero in equation ( 5 ) ? n f *P p ^‘ 
ing Barkhausen criterion (-,4/5=1) for sustained oscillations, we 

get 

nhifUjLi.wLi _ 

hoc ( »E % - ^j+ h “ a,Li ( wLl ~^c) 


-1 = 


...(7) 


But 


ojZ-i -f ojEi — 


-1« 




_ /i/f/f wEi wE% __ 

h 0 e U)L\ ( — U>L\)+hle <*>Ez ( — 0)L 2 ) 

_ hft hoe (*>Li'<oE t __ 

h„(-o>*L l *)+h, f ( k -«> t Lt*) 


& 


or 


ojEi E\ 
/'/«•-—r-i 


h„ WMj since A., (-«*V) 

— /lor <*> 2 E x l 

..(» 

UjZ-2 Z-2 

Equation (8) gives the condition for sustained oscillations If 
there exists mutual inductance M between coils £., and U then 
equation (8) gets modified as below : 

L '±*L. ..•<*> 

" fe E t +M 

22 4. COLPITT S OSCILLATOR : 

Figure 4 (a) shows the circuit diagram of a Colpitt oscillator. 
The circuit of Colpitt 
oscillator is the same as 
that of Hartley oscillator 
except that the emitter tap 
is connected between the 
capacitances C, and C>. The 
frequency of the oscillator 
is determined by the reso¬ 
nance of the tuned circuit 
but this is affected by tran¬ 
sistor parameters and load 
resistance. We shall now 
consider the effect of the 



Fig. 4 (a) Colpitt’s oscillator. 
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transistor parameters on the frequency of the oscillator. 

Figure 4 ( b) shows the equivalent circuit of Colpitt’s oscillator. 


wwsrofi 



Fig. 4 (6). Equivalent circuit of Colpitt’s oscillator. 

c c 

Let C=- > ■' , then lhc circuit equations may be written as 

Ci + Cj 

J h+ ik x /f=0 - - (l) 

Zzf A + (^+^--Jct) 4W t =0, ...(2) 

^ li+(r t —r m ) j / t =0. ...(3) 

For oscillations to occur, the determinant of the above equa¬ 
tions must be zero. Equating it to zero, the real and imaginary 
terms of the determinant separately, we obtain the feedback con¬ 
dition and operating frequency. Hence, 

\j{ wL ~zr,) ;z7 zci 

-ir ( ri+r '"^r) r ' -°- (4) 

—('■»-'■«) ('V+'V-r -—L \ 

to C* \ / 

J (-*•- i)|( f ‘ +r '- z J Cl )( r ' +r ‘- r ”-J: t )- r - 

-«Z7{ (, * ) )( r ' +rc )( 

+sc,fe) ( ,t+r '-i7 )H - (5) 

Equating real part to zero, we get 
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or 


/ . 1 \tr b +r< . re+r c -r m \ r e +r c -r m r h +r e 2/w* 

(" L -»cr)uer + -err »*<v + 

' =0. ...(6) 

The frequency at which oscillations start is very near to the 
resonant frequency of resonant circuit. 

i.e. wL -L- =0. It may also be assumed that r f 4 r m . 


oiC s 

The equation (6), then becomes 

r,+r e —r m t r b +r, f 2r e —r tn 

W *C, 2 + <o*C 2 2 ^ a> 2 CiC 2 


: 0 


or 


since r, 4 r m . 


Equation (7) is quadratic, hence 

Ci r m +y/{(r m 2 —4 (r b + r e ) (r e —r m )} ...(8) 

C a “ 2 (r b +r,) 

The second term in square root is small in comparison to r m . 


Cl ^ 'm+rm_ > _£*•- ...(9) 

C a ^ 2(r 6 +r,)^(r 6 +/v) 

Equating the imaginary part to zero, we get 

1 


or 


( tu£ '~i3er)(' 4— «*cic. (c, + c.) "‘ (l0) 


u> ! C,C,/ «.*c,c, 

where ^»(r*+#r) (rr+^c—r»,). 

From equation (10), we get 

1 


/=B W( ^C, + ^C,C a )■ 


. Z.C, T AC X 
Equation (11) gives the frequency of oscillations. 


...(H) 


In order to obtain a 
good frequency stability, 
crystal controlled oscil¬ 
lator is used. The crystal 
controlled oscillator is 
similar to Colpitt* s oscilla¬ 
tor except that the induc¬ 
tance is replaced by a 
crystal. Figure 5 shows 
the circuit diagram of 
a crystal oscillator. 



Fig. 5. Crystal controlled oscillator. 
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22 5. PHASE SHIFT OSCILLATORS : 
22 5-1. RC OSCILLATOR : 


The phase shift transistor oscillator is similar to vacuum tube 
phase shift oscillator. Figure 6 shows the circuit diagram of phase 
shift oscillator. To obtain a positive feedback essential for oscil¬ 
lations, the frequency deter¬ 



mining circuit must intro¬ 
duce a phase change of 180'. 

This phase shift of 180° is 
obtained with three cascade 
sections C,/?„ C,R,, C 3 R 3 
(each section consists of a 
series coupling capacitor and 
a shunt resistor) each shifting 
the signal by 60 9 . The phase 
shift comes about because R 

and C provides a current Fig. 6. RC oscillator, 

which loads the applied voltage by certain angle. The smaller is 
the capacitance more will the current lead the voltage for a given 
resistance. With a proper choice of R and C, a phase shift of 60’ 
per section is achieved. 


The problem of a phase shift network for a transistor is some¬ 
what complicated in comparison to vacuum tube because of low 
input impedance of the transistor. The last resistance in RC com¬ 
bination is not simply R t but the transistor input resistance in 
parallel with R 3 . 

Normally the frequency determining resistors arc equal and 
similarly the frequency determining capacitors are equal, i.e. 

Ri=R 2 =R 3 =R (say) 
and C,=C.=C 3 =C (say). 


In order to consider 
the frequency of oscillation 
and attenuation of the net¬ 
work we proceed as follows: 
Figure 7 shows the equi¬ 
valent circuit of figure 6 in 
which /, is the signal 
current from the collector 
circuit and J 4 is the signal 
current into the base circuit. 



Applying KircholT’s law, we have 


r r> 


r / t n i I 
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JJt 


-*(*-£)■ 


•••(3) 


Eliminating / 2 from equations (I) and (2 )i.e. substituting the 
value of h from equation (2) into equation (I), we nave 




'«}( 


Substituting the value of A from equation (3) in equation (4), 
we get 

, lS , 2 *-i,) (*-i) 

I* 






6 R* 


R 3 

1* 


...(5) 


wC ~o, 2 C 2 “'VC* 


For a phase shift of 180° between /* and A. the terms con¬ 
taining; should vanish and we have 

j JJ*L 

a> 9 C*~ <oC 

1 


:0 


or 


w*C 2 


=6/? 2 . 


I 


<0 


V(6 )RC 

The frequency of oscillations is given by 

/= 2 •t/(6).RC 

At this frequency, from equation (5). we have 

h __i. 

29' 


/, 


« s -^x6R J C= 


...( 6 ) 


...(7) 


From equation (7) it is clear that transistor must give a 
current gain of atleast 29 to achieve oscillations. Thus a transistor 
with high value of feedback is selected to give osc.Ila ions For 
sinusoidal output the transistor must not oscillate too strongly and 
the gain should be adjusted to give only a small amplitudes of 
oscillations. 

A convenient value for the frequency determining resistor is 
4*7 CQ because this permits a collector current of 1 or 2 roA. 
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with a low supply voltage. The value of capacity required (say 
for oscillator 1 Ac/s) is calculated from equation (6), i.e. 


2ny/i6).fR 

- 2X J*14x2*45X I0*x 4'7x 10 J Farad 
=0 015 pF approximately. 


22-5-2. WIEN BRIDGE OSCILLATOR : 


This is also audio frequency oscillator- The advantage of this 
oscillator is that the frequency may be varied over a frequency 
range 1 : 10. whereas in RC oscillators the frequency cannot be 
varied, i c. RC oscillator is a fixed frequency oscillator. In RC oscil¬ 
lator both frequency determining network and amplifier introduce 
a phase change in the signal and positive feedback is obtained. 
On the other hand, the oscillations may be obtained by arranging 
both network and amplifier to introduce zero phase shift and act¬ 
ually this is the principle of Wien-bridge oscillator. 


The Wien-bridge network is 
shown in figure 8. The upper 
arm consists of resistance and 
capacitance in series, while the 
lower arm of equal resistance and 
capacitance in parallel. The net¬ 
work is supplied from a constant 
voltage source and is terminated 
in an infinite impedance. The 
phase shift and attenuation 
introduced by the network can be 



Fig 8. Wien bridge nerwork. 
calculated as follows: 


The impedance of parallel RC network is r-r ffiffi and RC 

R-(jtwC) 

series network is ^ R- 

nee of narallel comhinafinn 

-(I) 


E 0 = i mpcdancc of parallel combination 
E ln Total impedance 


-WI«C) 

R-UivC) 


J_ (Rj/wC) 
»>C R-ijlwC) 


JR 

... r 
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JR 

QtC 


t R 2 _ l jj*y 

\ K oi 2 C* wC ) 

There is zero phase shift if the terms in j vanish, i.e. 

1 


..( 2 ) 


R- 


urC~ 


or 


Oi = 


/= 


0 

1 

RC 

1 


lirRC 

Again from equation (2), we get 

E 0 -JR/wC 


...(3) 


§. 


E,.~ —3jR/wC *■ - (4) 

The maintaining amplifier thus requires a gain just exceeding 
3 to sustain oscillations. Figure 9 gives the circuit diagram of the 
Wicn-bridge oscillator. The amplifier section employs three tran¬ 
sistors, two as common emitter stages connected in cathode to give 
the desired characteristic. The final stage is an emitter follower 
which gives unity voltage gain for feeding to the frequency deter¬ 
mining network and the output terminals of the oscillators. 


+rov -w 



Fig. 9. Simplified circuit diagram for a Wien-bridge oscillator 
with range switching. 

A resistors R n with negative temperature coefficient is conne¬ 
cted as shown in figure which stabilises the amplitude of the 
oscillations. Any tendency for the output amplitude to increase, 
increases the negative feedback, and thus decreases the amplifier 
gain; consequently checks the rise in amplitude. 
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EXERCISES AND PROBLEMS 

1. Answer the following : 

(i) Is it correct that oscillator is an amplifier with infinite gain ? 

(ii) Why do you prefer CE configuration io oscillator circuit ? 

(iii) How are oscillations normally produced in most transistor oscilla¬ 
tors ? 

2. Draw the circuit diagrams of Hartley and Colpitt oscillators and obtain 
the expressions for the frequency of oscillations. 

3 Explain with the aid of circuit diagram the working of a transistor R-C 
oscillator. 

4. Derive the condition for sustained oscillations in a feedback oscillator. 

5. Draw the circuit diagram of phase shift oscillator and explain its 
operation by deriving expression for frequency of oscillation. 

6. Discuss the operation of a phase shift oscillator. 

A phase shift oscillator using a PNP transistor has the following circuit 
constants ? 

y cc =-\0 volts /?, = *,=/?3 = 3 2 KQ 

Rl = 10 KQ C,=C 2 =C a =0 02 rf. 

Calculate the current and frequency of oscillations. 
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MULTIVIBRATORS 


231. SWITCHING CHARACTERISTICS OF A TRANSISTOR 

An ideal switch is one which offers infinite resistance when 
open and zero resistance when closed. Consider the case of a tran¬ 
sistor in common emitter configuration with a step input voltage 
v h applied at the base as shown in fig. (1 a). The load line is 
shown in fig. (I b). 



(a) Common emitter cransistor (b) Load line 

with step input voltage 

Fig. I. Common emitter transistor 

In the absence of input voltage /.<*., t\=0, the base current I D is 
zero. Now no currcut flows through load resistance R L except 
the leakage current Iceo which, of course, is very small. In this 
state the voltage from collector to emitter is maximum (&V C c) 
because there is negligible voltage drop across Rl when /c=0. The 
transistor is offering a fairly large resistance to the flow of current 
{R„n — VcuHclo) and hence the transistor is cut off. The leakage 
current ! C i:o can b; minimised by reverse biasing the base emitter 
.function with a proper bias. The leakage current now comes 
down to cut off current I (0 . The transistor offers very high resis¬ 
tance and one can think the transistor as being open. 

Let us now consider that a step input voltage is applied bet¬ 
ween base and emitter. The base current flows. The switch is in 
ON position. The base current necessary for it can be obtained 
from load line. Usualy, more current than the minimum base 
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current to just cause saturation is used to switch the transistor. It 
should be remembered that if the transistor is in heavily saturated 
state, it will take a longer time to switch off when r, is reduced to 
zero. In the ON position V C e is almost zero and full V C c appears 
across the load. The resistance of the transistor depends upon the 
collector current and is very small. 

It is obvious from the output characteristics fig. (I b) that as 
the base current increases, the voltage V CB decreases. The dec¬ 
rease in voltage is appreciable till the base current reaches a cer¬ 
tain value (80 pA). When the base current is further increased, 
the charge in V C z is marginal. Physically as the collector current 
increases, the base collector voltage decreases and reverses sign 
for a certain value of collector current. Under this condition the 
minority carriers are injected from emitter and collector into the 
base and the transistor is saturated. The voltage across the collec¬ 
tor and emitter is the difference between the base emitter and base 
collector voltages. This is represented by VcEbun and is very 
small. The ratio of Vce^i-) to collector current represents the 
resistance offered by the transistor in saturation. This resistance 
is very small. Thus when the transistor is in OFF state, it offers very 
large resistance conducting only few nano amperes of current and 
when in ON state, it offers a low resistance of few ohms. 

23 2. SWITCHING TIMES IN A TRANSISTOR 

It is observed in a transistor that the application of a square 
wave input to the base-emitter junction is not followed directly by 
a change in the output voltage because of capactive effects. There 
is some delay. The time interval between the instant of switching 
on and the instant the transistor goes into active state is called the 
delay time. After applying V BE , the current lc starts to rise after 
certain time i.e., there is a delay. This delay of time is represented 
by t d and is shown in lig. (2). After the transistor goes into active 



Fig. (2) Showing the input square wave, resulting output 
waveform and the time delay involved when the 
transistor is driven into heavy saturation. 
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state the output current increases exponentially with time due to 
the capacitance existing at the input terminals of the transistor. 
The time required for the output current to rise from 10% to 90% 
of its final value is called the rise time. This is denoted by /,. The 
sum of the two times is known as turn on time t 0 „ i.e.. 

ton = t d +t r ...(1) 

When V BE goes to zero, there is a delay before i c starts to 
change due to the charge stored in the transistor. The delay is 
referred to as charge storage time and is denoted by The fall 
time to reach 10% of the initial value is denoted by //. The sum of 
these two delays is termed as turn off time t OJfy i.e., 

to// = ts~\~ t/ •••(2) 

It should be remembered that rise and fall times depend upon the 
transistor’s high frequency characteristics. 

233. MULTIVIBRATORS 

A multivibrator is a relaxation oscillator consisting of two 
stage resistance coupled amplifier with the output of each stage 
coupled regcncrativcly to each other. The relative condition of 
each of the two stages i.e.. conduction in the first stage and cut off 
in the second stage or vice versa is termed as state of the multivi¬ 
brator. The condition in which the multivibrator may remain 
indefinitely until the circuit is triggered by some external signal is 
known as stable state. Multivibrators performs a variety of useful 
functions like generation of square waveforms, counting, frequency 
division, generation of time delays etc. The multivibrators can be 
classified in the following three categories : 

(1) Astable or free running multivibrator 

(2) Monostable multivibrator 

(3) Bistable multivibrator. 

(1) Astablc multivibrator—Astablc multivibrator is a multi¬ 
vibrator in which neither stage is a stable state. There are two 
quasi-stable (temporary) states. The circuit changes state continu¬ 
ously from one quasi stable state to another state at regular time 
intervals without any triggering. This generates continuous square 
waveform without any external signal. 

(2) Monostable multivibrator—Monostable multivibrator is 
also known as one shot multivibrator or univibrator. This has 
only one stable state. When a pulse is applied to the input circuit, 
the circuit state is changed abruptly to unstable state for a pre¬ 
determined time after which the circuit returns to its original stable 
state automatically i.e.. by itself. The circuit enables production 
of pulses of variable width at the required moment. 

(3) Bistable multivibrator—Bistable multivibrator is also 
known as flip-flop, binary and scalar of two circuits. It has two 
stable states. Bistable circuit may stay in a particular state inde¬ 
finitely and hence can be used to store binary bit of information 
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When an external trigger is applied, the state of binary is changed 
At the occurrence of each triggering pulse, the circuit state changes 
abruptly from one state to another. This is used as a digital 
memory device. 

23 4. ASTABLE MULTIVIBRATOR. 

A free-running or astable multivibrator has no stable states, 
but the circuit has two quasi-stable states ‘transistor first ON and 
transistor second OFF’ and ‘transistor first OFF and transistor 
second ON’, and it makes periodic transitions between these states 
without any external triggering. Fig. (3) shows the circuit diagram 
of an astable multivibrator and fig. (4) gives the waveforms. In fig. 
(3), R h and Rli are the collector resistances for transistors T x and 
T« respectively. C, and C 2 are coupling capacitors, R Dl and R Bl 
provide ON state base current to the two transistors respectively 
during saturation region. In symmetrical multivibrator 

Rli = Rlv and Cj=Cj 

j c (he components in one half of the circuit are considered to be 
equal to their components in the other half. 



Operation : The operation of astable multivibrator is as 

follows : 

First of all we shall explain the starting situation i.e. t how the 
transistor T x goes into saturation and T 2 goes to cut off region. 
When the power is applied, let due to some circuit imbalance, the 
transistor T } conducts more than transistor T z i.e. current flowing 
through transistor T x is more than the current flowing in transis¬ 
tor 7'-. Due t0 this fact lhe ratc of fal1 of V Cx is more than 
that of Vc%. The changes of collector voltage of 7\ will make the 
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l- ig. (4) Waveforms at the collector and base of transistors 
T, and r, in astable multivibrator. 

base of transistor T 2 negative. This decreases the conduction of 
V* i.e., collector voltage V c . increases and approaches towards 
Vcc. T he increase in V Ct will be transferred to the base of tran¬ 
sistor 7', through capacitor C 2 . So the conduction of T x further 
increases. This further reduces the collector voltage Vc x which in 
turn makes the base of transistor 7j more negative thereby further 
reducing its conduction. Thus due to the positive feedback 
action, the transistor 7*, comes in the saturated region and transis¬ 
tor 7 2 comes in cut off region. The circuit settles down momentarily 
with transistor T x in saturation and transistor T* in cut off. This is 
only a quasi-stable state, fn this state V Cl is approximately zero 
while V Cl is approximately equal to V cc . This permits the charging of 
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C 2 through Rli and the base emitter junction of transistor 7, 
comes to a potential approximately equal to Vcc- The charging 
path is shown in fig. (5a)- Meanwhile the condenser C, which had 
previously charged to Vcc (when 7 2 was conducting) discharges 



Fig. (5a) Charging of C, through Fig. (5b) Discharging path of C, 

Tx and R^ through 7, and R Bl , 


through 7, and R Bx as shown in fig. (5b). The initial pulse of 
discharge current from C, through R Bl makes the base of 7 2 sud¬ 
denly very negative approximately equal to -V (C as shown in 
waveform of V$ t . This causes transistor 7. to be cut off as assumed. 
The transistor T x is kept in the conducting state by base current 
provided from V (C through R Bv so V Bl is slightly positive The 

charging current of C 2 through/?t, has now ceased The length 

of the time for which T, is held off is determined by the time 
constant of discharge of C, through 7i and R Bl . 


Now 7*2 is no longer cut off but starts conducting. The 
collector voltage of 7 2 begins to fall. The falling collector voltage 
is comunicated to the base of transistor 7, via capacitor C t . This 
causes the reduction of base voltage of transistor 7, and conse- 
aucntly there is an increase in collector voltage which is 
communicated to base of 7 2 via capacitor C,. The conduction 
of 7» increases. The regenerative process continues till the 
transistor 7 2 is in saturated region and 7 X is in cut off region. 
Under these conditions Vc x =^cc and Vc t =0. The condenser C, 
charges through R Ll and 7* causing an increase in the positive 
voltage at base of 7 2 as shown in fig. (6a). Meanwhile C 2 dis¬ 
charges through 7 2 and R Bt as shown fig. (6b). The interval in 
w hich transistor 7, is held in non-conducting state depends upon 
r d . C z time constant. 

Here it should be remembered that turning on of one transis- 
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tor, say T 2 and its falling voltage at the collector permits the 
discharge of a capacitor which drives the transistor 7i into cut off. 
The rising voltage at the collector of 7\ ‘feeds back* to the base of 
T 2 tending to turn it on more. The process is regenerative or 
cumulative. 




Fig. (6a). Charging path of C a Fig. (6b) The discharging path of 

through T x and R L ^ C, throug T, and 

Frequency of oscillations : The frequency of oscillations can 
be calculated in the following way : 

During the discharge of condenser C t , the value of V Bt is 
given by 

VB t —Vcc—ic x Rb x •••(0 

The initial discharge value of current />, is given by 



Vcc +Vcc 

Bdi 


» 


because the capacitor charges upto V C c approximately. The 
current decays exponentially with a time constant R Bl Ci 

VDx = Kcc— 2V C c exp. ( — t!R Bl .C\) •••(2) 
Suppose V Bt —0, when the transistor is switched, then 

0 =V C c [ 1-2 exp. (—//** Q)] 

or exp. (t/R Bl C,)=2 (V Vcc*0) 

or t^Rg^Ci log 2=0-694 R Bl C, ...(3) 

Vhus the off time (/ 2 ) for transistor T> or the on time of transistor 
T x is given by 


/s-0-694 R Bl .C x ...(4) 

Similarly, the off time (/,) for transistor T x or the on time of tran¬ 
sistor T, is given by 
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0 694 R Br C s ...(5) 

The total time period 7==0’694 ( R Dl Ci+R Bi C 2 ) 
when Rbj =7? and Ci=C 2 =C, then 

Total time period 7*= 1*39 RC ...(6) 

The frequency of free running multivibrator is given by 

f= _ ! _ 

’ Total time period (T) 

_I_ 

- L39RC* 

The frequency stability of the circuit is not good as it is not 
only the function of the product of RC but also depends on load 
resistances, supply voltages and circuit parameters. In order to 
stabilise the frequency, synchronising signals are injected which 
terminate the unstable periods earlier than would occur naturally. 

23 5. MONOSTABLE MULTIVIBRATOR : 

A monostablc or a one-shot multivibrator or a univibrator 
has one stable state i.e , permanent and the other as temporary 
ie., quasi-stable. When an external trigger is applied to 
the input, the multivibrator changes the state from stable state to 
quasi-stable state. It stays in quasi-stable state for a predetermined 
length of time and after which the circuit returns to its original 
stable state automatically. The circuit produces the pulses of 
variable width at the required moment. 

A generalized circuit of a monostablc multivibrator using two 
active devices A x and A 2 (tubes or transistors) is shown in fig. (7). 



Fig. 7. A generalized circuit configuration of a monostable 
multivibrator. 

Suppose that a signal trigger is applied to X t and a regenera¬ 
tive action takes place which derives A 2 to completely cut off. The 



864 


Hand Book of Electronics 


voltage at Y 2 rises approximately to V Y y. Now A x comes in 
conduction. The device may be driven into saturation or it may 
operate within its active region. In either case a current A exists 
in Ri x which causes a voltage drop A Rl x at Y\ and thereby decrea¬ 
sing the voltage X 2 by the same amount because the voltage across 
condenser C cannot change instantaneously. The multivibrator 
is now in its quasi-stable state. The circuit will remain in this 
state only for a finite time because X 2 is connected to Vyy through 
R. Now X 2 will rise in voltage. When the voltage at X 2 is equal 
to the cut in voltage of A z% a regenerative action takes place. 
This turn A x off and eventually returning the multivibrator to its 
initial stable state. A collector-coupled monostable circuit using 
NPN transistors is shown in fig 8. The triggering signal is app¬ 
lied at /=0 and the reverse transition occurs at t=T. 



Fig. 8. The collector coupled NPN transistor monostable 
multivibrator. 

The stable state : For t < 0, the circuit is stable with tran¬ 
sistor T 2 in saturation and transistor T x OFF. As transistor T 2 is 
in saturation, ths different voltages and currents are expressed as 

Vc t =^CE(jai), VBt = Ys£(saih =^CC 

Ic, = Vcc ~%“ and Ib, = ^£=pSB^ 

The base voltage V Bl of transistor T x is given by 

y kcEftor). R z Vbb R^ n) 

° l R x ~\~Rt Ri+Rt 

The value of V BB is selected in such a way that Vb x has a 
negative value so that transistor T x is OFF. 

The quasi-stable state : Let a negative trigger (short dura¬ 
tion pulse) is applied at Y x at /=0. The change in potential at Y x 
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is immediately transmitted to B : through capacitor C. Now the 
transistor 7*2 is switched off. As the transistor T t switches off, 
the potential at Y> rises to almost the value V C c from its stable 
value Vce(wi)- This increases the potential at B x and the transis¬ 
tor T x comes into saturation. The potential at Y x falls by 
V cc -VcEisao- This change is communicated to B>. All above 
changes take place instantaneously due to regenerative feedback. 

Immediately after the trigger i.e., at constant r=0 + , the 
initial value of V 02 is given by 

( Vb 2 )i = V BEx,ai) — (VcC—VCE(sar)) 

or ( Vb 2 \~ Vbeuoi) + yCEiun) — Vcc •••(2) 

At f -o+, transistor T s is cut-off and the potential at B : rises 
exponentially with time due to charging of capacitor C. The 
potential ( V/ 2 ) starts rising towards -f V C c [say (^V] with a time 
constant RC. The instantaneous base voltage (K* 2 ), can be 
expressed as 

(F„ 2 ),=(F B2 V+(( V B2 \-(VbM exp. {-t/RC) 

or (l / « 2 )/ = Vcc : [Fee] exp. ( — t/RC) ...(3) 

The potential at the base of transistor T t does not rise to the 
maximum value because as soon as the potential rises to cut in 
voltage, 7*2 is switched on due to regcnciative feedback. The 
potential at the point Y 2 falls to its stable value VcEdan- 

Gate width : The gate width of the output pulse is defined as 
the time interval between T z switching off and switching on. In 
order to calculate the gate width, we make use of the fact that 
when (kfl 2 )/=T y (cut in voltage) at t = T, the transistor 7* is 

switched on. From cq. (3). we have 

I/ y =Kcc+[Ffl£(,cio+F C £:(»«/)-2Fcc] exp. {-T/RC) 


Solving we get 


T~RC log 2 I f ci^L^S-L 


_ rr , ^ , n r , F rc -{(Ffl£ ( , fl ,) +V C Eha')V2) 

or Trr-.RC log 2+7?C log - P C c~K - 

At room temperature, VnE(uu) 4- VcEiian~2Y Y 
7 =RC log 2+RC log I = RC log 2 
or 7^0*69 RC ...(4) 

As soon as T. begins to conduct, a regenerative action makes 7', 
OFF and 1\ ON and thereafter, the circuit remains in stable state 
till anothcrexternal trigger is applied. 

Waveforms for t > T. At t=T*, transistor 7* 2 conducts and 
transistor T\ is cut-off. In order to find the potential at B 2 , we 
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At the 


draw the base circuit of transistor T t as shown in fig. (9). 
instant when transistor 
Ti is cut off, the instan¬ 
taneous voltage appear¬ 
ing in the circuit is 
Vcc~Vy as V v is the 
potential at B 2 . The 
instantaneous voltage 
drives an instantaneous 
current I' B , given by 


I B= ~ 


VCG-Vy 


...(5) 


The current in R may 
usually be neglected com¬ 
pared with I ' B . The path 
of l' D is shown in fig. (9). 



Fig. 9. 


Equivalent circuit for calculating 
the over shoot at the base B t of 
T t at /= T+.T X is off and T g is dri¬ 
ven heavily into saturation. 

Here r h is the base spreading resistance which is considered in 
series with the junction. The potential at Y\ now becomes 

Vc^Vcc-RJ'n ...( 6 ) 

The change in potential 5 at Y x is given by 

8=Vcc—RLl'B—VcE(u»t) •••(7) 

As the capacitor is considered as shorted, the change in 
potential at B> is also the same i.e. % 

VcC—R[J'b— VcE(soi) 

The potential at B 2 immediately after the transient is 


or 


V'n 2 = V y + V CC -R L I'B- VcEisa,) 
V'n 2 =V cc -V v -R L r B +V BE{ial) 


...( 8 ) 


V V CE(SOI) + vBE(sai) = 2V y 

From cq. (5), V cc - Vy=R L I's+rt I'b 

Substituting this value in eq. (8), we get 

F'a 2 =r6 r B -\- y B E(tai) •••W 

This shows that the transistor is driven deep into saturation. 
The overshoot at the base of transistor T 2 has a magnitude 

VCC—Rl I'jr-VcE(tal) ...( 10 ) 

The voltage at the point B 2 falls off exponentially to the 
steady value V BE(tal) with a time constant C (/?£.+ r b ). The 
potential at Y\ suddenly rises to a value (Vce—Rl) I'b and there¬ 
after increases exponentially to a maximum value Vcc with a time 
constant C (R L +r h ). 

The waveforms are shown in fig. (10). 

T, OFF | T, ON I T, OFF 
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Fig. JO. Waveforms of the collector coupled monostable multivibrator. 

23 6. BISTABLE MULTIVIBRATOR : 

A bistable multivibrator is also known as flip-flop and has 
two stable states. The circuit can stay in any one of the states 
indefinitely and makes an abrupt transition from one state to other 
state when an appropriate trigger or excitation is applied. A 
bistable multivibrator is used for the performance of many digital 
operations such as counting and storing the binary information. 
This can also be used in pulse generation. The bistable circuits 
use two active devices which function as amplifiers. The amplifiers 
are coupled in such a way that when one device is heavily con¬ 
ducting or in saturation, the other device is in OFF state. When 
the device in OFF state is switched ON by external means, the 
circuit goes in another stable state i.e. t the heavily conducting 
device is now switched OFF. 
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Generalized circuit: The generalized circuit of a bistable 
multivibrator is shown in fig. (11). A x and A* are the active devices 
which may be tubes or transistors. As shown in the figure, the 



Fig. 11. A generalized circuit of bistable multivibraior. 

output of one amplifier is fed back to the second amplifier. Each 
amplifier produces a phase change of 180° and hence the amplifiers 
arc provided with positive feedback at all frequencies. Suppose 
I\ and /> be the currents through the devices at any instant as 
shown m fig. (II). Let there be a momentary decrease in current 
lu then the potential at Y x will increase. This will increase the 
potential at X> (input of A>). The increase in the input voltage of 
A 2 causes a lowering of potential at Y 2 . Hence the potential of X x 
is decreased. As a consequence, the current /, is also decreased. 
This regenerative process continues till A % is driven into saturation 
or heavily conducting state and A\ is switched OFF. 

Transistor (Flip-Flop) : A fixed-bias NPN transistor bistable 
multivibrator is shown in fig. 12 (a). The need for the negative 
power supply may be eliminated by using a common emitter 
resistor R , to provide self-bias. Fig. 12 (b) shows the circuit of a 
self-biased NPN transistor bistable multivibrator. 

In fig. 12 (a) two PNP transistor amplifiers are crossed coupled 
so that the voltage appearing across the load resistor of one tran¬ 
sistor is fed to the base of the other transistor. The multivibrator 
is called collector coupled binary as the voltage appearing across 
the collector resistance of one transistor serves as the input to the 
other transistor. As explained earlier, the circuit stabilises with 
one transistor in OFF state and the other transistor in saturation. 
The two stable states of the bistable multivibrator are : 

(/) transistor T x OFF and transistor T 2 ON 
(//) transistor T 2 OFF and transistor T x ON. 

Now we shall calculate different currents and voltages when 
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Fig. 1 2b. A self-biased PNP transistor bistable multivibrator. 

transistor T, is OFF and transistor is ON. When transistor 1\ 
is in saturation, then the collector potential is F C £<, fl ,> and the base 
potential is Vee^D- The current I 2 flowing through the load resis¬ 
tor Rl in series with collector of transistor T% is given by 

■ _ Vcc- VcBl-i l 

'* R L -O 

, Vcaiu)— (— V bb) 

a S ain '»=-- -(2) 

The collector current Ic 2 =h—l i 
J {Vcc—VCE( */>} 

01 /Cj “ Rl R,+R, -< 3 > 
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As the transistor T x is in OFF state, the current-flowing 
through this is negligibly small. The current I x is given by 

, VCC— VBEtsai) 

1 B 1 + B 2 

I 4 =/j (V collector currcnt=0) 

The current h flowing through R t connected to the 
transistor T> is given by 

h R * 

Now the base current of transistor T 2 is given by 
h 2 —h—h 

r YCC—KBEUai )}_{ VBE(iai )“( — F Bm)} 

or R^+R 2 Tt 

The base potential V Bi of transistor T x can be calculated as 
v Fcb(mi)» Rt _ Vbb Ei 

V B X — ' 


..•(5) 
base of 

...( 6 ) 


...(7) 


...( 8 ) 


Ri+Rt Ri+R* 

The value of V Bx is negative as transistor T x is cut OFF. 

When the transistors change state, the potential of the 
collector changes by an amount (voltage swing) given by 

KC|— YcE(sot) ••'&) 

Commutating capacitors. Wc know that a multivibrator remains 
in one of its stable states till a triggering signal such as a pulse 
is not applied from the external source. The time interval during 
which the conduction 
transfers from one tran¬ 
sistor to another tran¬ 
sistor is defined as tran¬ 
sition time. The transiton 
time may be reduced by 
introducing small capaci¬ 
tors in shunt with the 
coupling resistor R, as 
shown in fig. (13). These 
capacitors arc known as 
commutating capacitors. 

They are also known as 
speed up capacitors. Now 
an additional time is req¬ 
uired for the purpose of Fig. 13. Fixed bias NPN transistor 
completing the recharging multivibrator including commutating 

of capacitors across resis- capacitors C x and C x . 

tor R x after the transfer of conduction. This time is called as settling 
time. The sum of transition time and settling time is called as reso¬ 
lution time. It is observed that for very small values of commutating 
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capacitors, the transition time is lengthened. On the other hand 
for very large values of commutating capacitors, the settling time 
is increased. Hence a compromise is made for selecting the values 
of the capacitors. 

The approximate time constant with which commutating 
capacitor C\ is recharged is given by 



and for commutating capacitor C|, we have 



The maximum frequency of operation is given by 
J*ta x — 2t 2(t, + t,) 

Triggering of bistable multivibrator. To change the stable 
state of the bistable multivibrator it is necessary to apply an appro¬ 
priate pulse in the circuit. The plusc brings both the transistors 
into active region and the resulting regenerative feedback results 
in the change of state. Triggering are of two types: 

(/) asymmetrical triggering, and 
(//) symmetrical triggering. 

(/) Asymmetrical triggering— In asymmetrical triggering, two 
trigger pulses which arc derived from separate sources and conn¬ 
ected to the two transistors T x and 7\ individually and sequentially 
they change the state of the bistable binary. Fig. (14) shows 
the circuit diagram of an asymmetrical triggered bistable multivi- 
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brator. In this circuit a negative triggering is used. C z —Rs and 
C 4 — R* network is the familiar differentiating network and diode 
permits the transmission of negative polarity pulses only. When 
T x is ON, Di is back-biased by the voltage drop across R^ and will 
not transmit a triggering pulse unless the pulse is negative 
and has amplitude larger than the drop across R Lv Thus when 
7'i is ON, the set pulse is blocked. However, drop across D 2 is 
zero and hence the reset pulse will pass through D 2 to the base of 
7\ switching it OFF and hence will initiate regenerative state 
transition action. On the other hand, when T x is OFF, the drop 
across D x is zero and the negative trigger is transmitted to the base 
of transistor T z switching it OFF and transistor T x is switched ON. 
So in this case set input will be effective while reset input will be 
ineffective. The asymmetrical triggering is widely used in com¬ 
puter logic circuits. 

(it) Symmetrical triggering—In symmetrical triggering, the 
trigger pulses are applied only at one input and after differentiating 
they arc directed (steered) to appropriate transistor sequentially. 
Fig. (15) shows the circuit diagram of symmetrical collector trigge¬ 
ring in which pulse steering diodes D x and D 2 are used. 



Fig. 15. Symmetrical triggering of bistable multivibrator. 

Suppose T, is ON and T t is OFF. In this case the voltage 
across R Ll back-biases D x so that it will not transmit the negative 
trigger while the drop across D. is zero (T 2t OFF) so it transmits 
the negative triggering pulse to the base of T x through R 2 —C 2 
network. Now a transition will take place. Let T 2 is OFF and T x 
is ON. In this case D 2 is reversed biased while Z), is at zero volts. 
1 he next negative triggering pulse passes through D x to the base 
of T 2 through R x — C, combination. Again a transition will take 
place. D 2 serves as a high resistance to minimize the loading on 
the trigger source. This triggering is used in counter circuits. 
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EXERCISES AND PROBLEMS 

1. Describe the switching characteristic of a transistor. 

2. A rectangular pulse of voltage is applied to the base of a transistor driving 
it from off state to saturation. Discuss the changes in output potential. 
Explain the various times .involved in the switching process. 

?. Discuss the waveforms generated by an astable multivibrator. 

4. Draw a neat circuit diagram of transistor monostable multivibrator and 
discuss its working 

5. Derive an expression for the gate-widths of a transistor monostable 
multivibrator. 

6 What is a bistable circuit ? Discuss the operation of a transistor bistable 

multixibrator. . 

7. Explain the symmetrical and asymmetrical triggering id case of bistable 

transistor multivibrator. 

8 Draw the circuit of collector coupled mooostable multivibrator and describe 
its operation with relevent waveforms. Obtain an expression for the pulse 
width. 

9. Design a fixed bias bistable multivibrator to meet the following spccifi- 

y cc =lOV t Vbb=\ 0 V, Ic tai- = 5 nt A. life mln = 20 
Saturation voltages may be neglected. Also determine the values of the 
commutating capacitors if the maximum triggering frequency is 20 KHz. 
Draw the resulting circuit diagram with a suitable triggering arrangement. 




PULSE GENERATION AND SCALING 
VACUUM TUBE CIRCUITS 


Recent developments in electronics require the extensive use 
of pulse type waves. Among them are radar, television, telemeter¬ 
ing, computers and a host of other applications. Since these vari¬ 
ous types of waves such as nonsinusoidal, square and sawtooth 
waves, pulse waves have assumed an important position in elec¬ 
tronics, it is desirable to consider the specific aspects of pulse 
techniques under different separate heads e g. pulse generators, 
wave shaping circuits and switching circuits. We shall discuss 
only vacuum tube circuits. For transistor circuits, readers are refe¬ 
rred to the chapter on ‘Multivibrators* and chapter on ‘Voltage 
and current sweep generators*. 

24 0. PULSE GENERATORS 

In most pulse generators, the action is controlled by the charge 
and discharge of a capacitor through a resistor. During the ope¬ 
ration, the tube either conducts heavily or is cut-off. Such circuits 
are called as relaxation oscillators. The most commonly employed 
relaxation oscillators are the multivibrator, blocking oscillator and 
sawtooth wave generators. 

24 0-1. FREE RUNNING MULTIVIBRATORS (Astable 
Multivibrator). 

In oscillators wc have described in detail the operation of as- 
tablc multivibrator and also in chapter 19. We shall not take up 
the discussion again except to open it for following few remarks: 

(i) It is worthwhile to mention that the frequency of oscilla¬ 
tion in mvltivibrator is readily controlled by an injected voltage 
and the wave, that is generated, is very rich in harmonics. 

(//') The free runing multivibrators do not have any stable 
condition of operation. Both tubes conduct alternately for short 
periods. These two short periods of steady operation for some times 
arc referred to as quasi stable states. These astable multivibrators 
are good enough so far as we are interested in the production of 
recurrent pulse waves such as square waves, rectangular waves, but 
in certain applications this recurrent feature is not desired and we 
become interested in that the multivibrator be in one stable condi¬ 
tion of operation-one tube conducting and the other being held 
beyond cut-off, unless disturbed by a pulse of voltago from an ex¬ 
ternal source. Such an arrangement is called one shot multivibra¬ 
tor or monostable multivibrator. 
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24 0-2A. MONOSTABLE MULTIVIBRATOR : 

A stab!e state is the condition in which the multivibrator may 
remain indefinitely until the circuit is triggered by some external 
source. As mentioned earlier, a monostable multivibrator also 
called one shot , driven and triggered multivibrator, has only per¬ 
manent stable state, where in one tube is conducting and the other 
is held beyond cutoff. When a pulse of voltage is applied at the 
input of the circuit, conditions are reversed, />., the tube formerly 
in conduction is driven into cutoff and the previously cutoff tube 
goes into conduction; but this state is quasi stable and the circuit 
returns spontaneously to its original stable state and remains in 
this state until another pulse is applied. 


° PC Thecircuit is shown in fig. 1 ( a ). We shall describe the 
operation in two steps : 

(i) In the absence of triggering pulse : 

When any triggering pulse is not applied, the steady state 
exists with tube V x cut off and V« conducting. This is due to the 
reason that a high negative bias is applied to the tube V x through 
resistor R x while there is no current through R 2 and grid of V 2 is 
at ground potential enabling V t to conduct. 

Since the tube V\ is not conducting, its plate voltage is maxi¬ 
mum to which the capacitor C 2 is charged through resistor R 2 and 
low grid to cathode resistance of V t . Through a small positive 
voltage from the plate of V 2 is applied to the grid of V t through 
resistor yet it is much smaller as compared to negative bias 
applied and therefore V, is held well beyond cut-off. 

(ii) Application of triggering pulse : 

Suppose at time t t (sec fig. 1 b) a positive pulse of sufficient 
amplitude (greater than grid bias to tube V x ) is applied to the grid 
of V, making the grid positive so that V x conducts. This increase 
in e fX is shown in fig. I (*). Due to the flow of plate current in 


V t1 its plate potential e pX 
falls and (since the charge 
on capacitor C 2 can not 
change instantaneously) 
a negative voltage c , z to 
the grid cathodecircuit of 
V, across R> is applied- 
Capacitor C 2 which 
was already charged to 
the maximum plate vol¬ 
tage almost equal to £&/>, 
the supply voltage, starts 
to discharge and develop 
more negative bias to 
tube V 2 and drives the 
latter beyond cut-oil. 





Fig. 1. (a) Monostablc multivibrator. 
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Thus plate voltage of tube V 2 rises as shown by the waveform e pv 
This state in which V ", is cut off while V, is conducting is called 
quasi-stable state. 

After sometime current 
due to the discharge ofC 2 be¬ 
comes so small as to be insuffi¬ 
cient to bias the grid of V 2 
beyond cut-off and therefore 
V 2 starts conducting at time 
t 2 . This decreases the plate 
voltage e Pt of V 2 and consequ¬ 
ently, plate voltage of V x in¬ 
creases. Capacitor C 2 charges 
quickly, e e%; going slightly 
positive and then dropping 
exponentially to zero as C 2 
assumes maximum charge. 

This further increases the 
plate current of V 2 and bias 
the tube beyond cut-off. 

Thus the original stable state 
is again restored. 

Output Voltage : The output voltage is taken from the plate 
of V 2 and is normally low. We note from the waveform e^ that 
when trigger pulse is applied, shoots up to the maximum value 
and remains at this value for a period (/* —/ 1 ) for which tube V 2 
does not conduct and then comes down to minimum value when 
tube V> starts conducting and remains at this value for a period 
(t z -t 2 ) when the next trigger pulse is due. Therefore a single trig - 
ger pulse produces one complete cycle. 

We note from fig. I (b) that output pulse duration depends 
upon : 

( I ) Maximum negative voltage of e c% : greater the value of e n 
more time will be required to raise the bias above cutoff value for 
the tube V 2 to conduct and hence increasing the duration (t 2 —t l ). 

The maximum value of e (2% in turn, depends upon the tube 
characteristics and on load resistor /? 3 , i.e. greater the value of R z 
and the increase in plate current, more will be e c2 . 

( II ) Larger time constant R 2 C 2 : large the time constant 
R 2 C 2 , more time will be required for the condenser C 2 to discharge 
i.e, it would delay the conduction of tube V 2 and hence amounts 
to the increase in pulse duration. A monostable multivibrator is 
often used to delay the application of a pulse to a circuit by a time 
equal to multivibrator duration time, it is also used for pulse 
cquilisation. 
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240-2B. BISTABLE MULTIVIBRATOR : Flip Flop Circuit : 

In the bistable multivibrator, there are two stable conditions 
of operation e.g. V l can be in heavy conduction with V 2 in cutoff, 
or V> can be in conduction with V x cutoff. Either of these states 
is stable, i.e., no reversal of any of the operation states unless 
triggered by an external signal. Thus in bistable multivibrator an 
output pulse is obtained only if a triggering pube is applied to the 
input. A full cycle of output is produced lor every two triggering 
pulses properly applied and of correct polarity and magnitude. 
This circuit is also called Eccles-Jordon trigger circuit after its 
inventors, flip flop circuit due to its circuit action, trigger circuit 
because it controls other circuit actions and binary because it is 
used in a two number (zero and one) or binary counting system. 

Operation : 

The circuit is shown in fig. 2. We shall describe the operation 
in three steps: 

(i) In the absence of any trigger pulse : When plate voltage 
is applied, each tube conducts. One tube always conducts more 
than the other, however slightly, due to such factors as inherent 
tube noise and unequally distributed emission along the length of 
cathode. This unbalance of plate currents starts multivibrator 
action. 

Suppose tube V x conducts 
more than V 2 . Then plate vol¬ 
tage of V\ decreases. This 
decrease in plate voltage of 
V, is applied to grid of V t 
through R 3 R G voltage divider 
and. in its effect, reduces the 
plate current of V 2 , increasing 
thercbv the plate voltage of 
V>. This increase in the plate 
voltage of V 2 is applied to the 
grid of tube V, through the 
potential divider R t Rs making 
the grid more positive and 
further reduces the plate vol¬ 
tage of V x . This decrease in plate voltage of V u as described ear¬ 
lier, makes the grid of V t more negative. The action is cumulative 
and finally the tube V 2 is driven to cutoff and now further decrease 
in grid voltage can not increase the plate voltage of V 2 . Thus 
steady state is reached i.e., the current will remain in this mode of 
operation for infinite time without any reversal unless triggered by 
some appropriate external pulse. 

(ii) Application of first trigger pulse : When a sharp narrow 
positive pulse is applied at the trigger input, tube V 2 remain un¬ 
affected as it is already conducting but if the pulse is of sufficient 
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magnitude the grid of V will be raised above cutoff and the tube 
Vo starts conduction. 

Due to the conduction of V 2t its plate voltage decreases which 
makes the grid of V x less positive and thereby increases plate vol¬ 
tage of K. This increase in the plate voltage of ^ makes the. grid 
of 8 Vo more positive, increasing therefore, the plate current o * 
This action further reduces the plate voltage of V t , making the 
grid of P? to approach to cutoff voltage. The action is cumulative 
and tube V, is finally cutoff and V. continues to condwtt for an 
indefinite period. This state of operation is stab e andl «««“»* 
possible only when some external triggering pulse is input 

circuit. 

(Hi) Application of second trigger pulse: Application of 
second triggering positive pulse will cause V x to conduct and 2 
to be cutoff. We note that, by the 1 application ofPjdse 
we arrive at the initial stable state of operation /.e. a ful cycle or 
output is produced for every two triggering pulses properly applied 
and of correct polarity and amplitude. 

A ncpativc triggering pulse also causes the reversal of steady 

sing plate voltage of V x . Th.s increase in the voltage_o , 

will ris the grid voltage of V* If the pulse is of sufficient ampli 
tude so as to drive, through the above indirect action the gr.a 
V: above cutoff, tube V, would start conducting. and a 
steady state K 3 conducting and K, cutoff will result. 

Self biased binary : The need for a negative supply, £«« in 
fig. 2 may be eliminated by using a common cathode resistor 
to provide self bias as shown in fig. 3. 

The drop across Rk is normally the same Tor two stable states. 

When the cathode current 
of one tube decreases, that 
of other increases, so that 
the voltage variation across 
Rk is small and therefore, 
there is no necessity of by¬ 
pass capacitor. 

Condensers C x and C 2 
are called speed up capa¬ 
citors (each of value 50 
HPJ). As these capacitors 
cannot charge or discharge 
instantaneously, any change 
in the plate voltage of one 
tube is rapidly transmitted 



Fig. 3. Self biased binary. 
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to the grid of the other tube. This, therefore, enables to binary 
the trigger pulses of short duration . 

Application of Bistable Multivibrator : Scale of 2 counter : A 
very important application of the flip flop is the basic scale of two 

circuit, shown in figure 4. 

This circuit produces an 
outgoing pulse for every 
second input pulse. 

A neon lamp is intro¬ 
duced in the plate grid 
circuit of valve V t . When 
Vi does not conduct, its 
plate voltage approaches 
E llh value and neon lamp 
clows, while when V x con¬ 
ducts voltage across the 
lamp falls and it is extin¬ 
guished. Suppose initially 
V i is cutoff and V 1 is con¬ 
ducting. When a positive 
trigger pulse is applied to the tube V x causing the plate current of 

V to flow, then this increased current will drive the cathode of V 2 
positive. The effect is to reduce the plate current of V 2 or to incre¬ 
ase the plate voltage of V 2 which inturn, reduces the bias on tube 

V driving its grid to positive voltage. This wi'l continue till the 
tube V. is cutoff and V x is conducting. In this steady state neon 
lamp docs not glow. 

Next, when the second positive trigger pulse is applied to the 
circuit, then steady states, as explained in binary operation, will be 
reversed i e. we come to initial state in which V x is cutoff and V 2 is 
conducting. This will result in the glow of neon lamp. Thus for 
each second input pulse, neon lamp glows or in other words we 
achieve a scale of two counting. 

If the two such flip flop circuits are connected in cascade, the 
first circuit would register every second pulse, while the second 
every fourth pulse. Or in general, if several such flip flops are 
arranged in cascade, each subsequent flip flop will record second, 
fourth, eighth, etc. pulse Thus it is obvious that ‘flip flop’ is the 
heart of scaling circuits. 

24-0-3. BLOCKING OSCILLATOR : 

Blocking oscillator is used for the generation of short pulses of 
duration about 0 05 to 0*2.V sec. The basic circuit is shown in 
fig. 5 and consists of a triode and a pulse transformer. The trans¬ 
former primary is connected in the plate circuit and secondary in 
the grid circuit. Winding are such as to provide polarity inversion, 
ie. t when a plate voltage decreases due to the rise in plate current, 



880 


Hand Book of Electronics 




Fig. 5. Basic Blocking Oscillator. Fig. 6. Blocking Oscillator Waveforms. 

positive voltage is coupled to the grid and since the grid now 
becomes more positive, plate current would further increase,, dec¬ 
reasing thereby the plate voltage. The action will continue till tne 
plate current reaches saturation so that the further increase l 
grid voltage will not affect the magnitude of plate voltage. 

The distributed capacitance C* forms a resonant circuit with 
secondary of transformer. This capacitor is charged by the voltage 
developed across the secondary windings. When the voltage dec¬ 
reases, the resonant circuit oscillates and the grid then swings, 
from a positive voltage to a highly negative voltage. During in 
positive half cycle, capacitor C, charges to the value of the posi i 
grid voltage through the low grid to cathode resistance of the iwk. 
On the negative half cycle, since the capacitor cannot discharge 
instantaneously the full negative charge is applied to the grid anu 
drives the tube beyond cut-off. Since the tube is not conducting, 
its grid to cathode resistance will be high and therefore, the co 
denser will discharge through resistor Ri. 

Operation : (/) At instant t x : 

Suppose the operating potentials are applied at instant/,. The 
plate current will increase and a positive voltage is coupled to tnc 
grid. Therefore grid voltage goes on increasing while the plate 
voltage continuously decreases. A stage comes when the p ate cur¬ 
rent reaches saturation. As there is no further increase in plate cur¬ 
rent no more positive voltage will be coupled to the grid current, 
and grid acquires the maximum voltage. This occurs at instant /*■ 
Consider C, charges to the value of maximum grid voltage througn 
low grid to cathode resistance. 

(//) At instant t z : For a short moment, after reaching at 
saturation value, the plate current does not change and C, begins 
to discharge through grid resistor R x . This makes the grid negative 
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decreasing the plate current. As the plate voltage increases, 
negative voltage will be coupled to the grid circuit i.e., grid be¬ 
comes more and more negative. further, condenser C\ also 
discharges with the passage of time. The net result is that the grid 
voltage goes down from its maximum positive voltage to zero and 
then in negative direction. 

(Hi) At instant h : Oscillations continue in the tuned circuit 
formed by the transformer windings. To damp these oscillations 
quickly, transformer is designed with low Q value. Moreover as 
the tube is cut-off, energy supply to the oscillatory circuit is also 
stopped with the result that the oscillations damp quickly. 

The duration for which the tube is cut-off depends primarily 
on time constant /?,C, because when C, discharges sufficiently to 
reach cut-off, conduction starts. The instant r 4 is reached. 

(iv) At instant t t : Tube starts conduction and whole previous 

cycle is repeated. 

Application : (/) Blocking oscillators are commonly used as 
frequency dividers. 

(//) They are also used as counters. 

(///) They arc also used as a low impedance switch used to 
discharge a capacitor quickly. 

(Iv) They can produce very sharp pulses at different repetition 
frequencies and especially at very low repetition frequences. 


24,0-4. SAWTOOTH WAVE GENERATOR : 

In cathode ray tubes, we require a voltage that varies linearly 
with time to display the information. This voltage, called a sweep, 
causes the electron beam to move horizontally across the screen 
with a known velocity. The selection of the form of the sweep is 
important so as to case the display of information on the screen. 
It is usually desired that the spot 1 
moves across the screen as linear 
function of time and fly back 
atonce to the starting point at the 
end of each sweep. Such a time 
base requires a wave of sawtooth 
form with linear rise time and 
abrupt return to zero as shown in 

llg ‘ (7) ' , . . firSAO, r,M£ 

We know that potential across 

a condenser Fi S- 7 - Sawtooth Sw:ep. 




i dl. 


where initial charge has been taken as zero. If the charging 
current to capacitor is supplied by pentode then, since it will be 
independent of changes in the plate voltage (when high plate 
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voltage is used) over a wide range, we can treat it as constant so 
that 



or e 0 cc / i.e., potential across condenser rises linearly with time. 
Means are also provided to discharge the condenser rapidly e g., 
a glow discharge tube is connected across the condenser. 

(i) Neon time base circuit : The circuit is called simple RC 
sweep generator. We note that sweep voltage curve is not linear 
and this circuit is not used in commercial cathode ray tubes. 
Moreover, the device suffers from the disadvantage that striking 
and extinction potentials of a neon tube are not particularly stable 
and because sweep frequency is the function of both these poten¬ 
tials, time base is distorted resulting in the distortion of informa¬ 
tion presented on cathode ray tube screen. 

(ii) Thyratron Sweep Generators : To synchronise the input 
pattern over a wide frequency range, neon lamp (gas diode) is not 
suited, l or these reasons, thyratron tubes are used rather than gas 
diodes. 

A thyratron time base generator with improved linearity is 
shown in figure (8). As explained earlier, plate current of pentode 
is constant, and therefore charging of a capacitor by pentode plate 
current will be linear. 



J ig. 8. Constant current pentode sweep generator. 

Operation. Capacitor C, is initially uncharged and the output 
voltage between the terminals XY is equal to the plate supply 
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voltage Ebb. The capacitor then charges linearly and rapidly 
through pentode V lt causing a similar decrease in the output 
voltage. When the voltage across the condenser reaches the 
striking voltage of thyratron V St the latter conducts because it is 
connected across the condenser and prevents further increase 
in the voltage across C„ The capacitor C„ then discharges 
through K* at a quick rate determined by the value ol #c s . ine 
output voltage again reaches a value Ebb • The cycle then again 
starts. 

Variable resistor /?, which controls the plate current of 
pentode V x and hence the charging rate of condenser c,, can oe 
adjusted to vary the frequency of sawtooth sweep. 

Thyratron striking voltage level is governed by the bias 
resistor R it the amplitude ah of sweep voltage is controlled by this 

resistor. , . j ™ 

When a positive going synchronising pulse is applied between 
•he terminals *XX\ it feducVeffectively the bias vo age dc«,oped 
across R. and thvratron fires sooner than it would omcrwisc. 
Therefore, sweep amplitude will be controlled by the sychromsing 

PU ' S (iii) Vacuum tube sweep circuit : In «h« circuiJswM,p voltage 
is triggered by the input waveband« g jffAbsence 

5"B! SSra conducts $ K,; anV U voltage is 
sufficiently small. 



(a) 


Vacuum tube circuit. 

Fig. 9. Vacuum tube 


(/>) Sweep waveform, 
circuit and waveform. 


W hcn input voltage e, is applied : The plate current decreases 
as the input goes down to negative and the plate potential in¬ 
creases Tht negative going input then drives the tube beyond 
rf nlate current stops and plate vo tage increases at a rate 
determined b' timc cons.an, [portion ,, in fig. 9(A)] to reach 
L value. Then e, returns to zero remov ng the negative bias and 
the tube conducts heavily, rapidly discharging the capacitor C 2 
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(portion yz). The output voltage then again reaches the small 
initial value. 

It is obvious that generation of sawtooth waveform is subject 
to the application of input waveform or in otherwords frequency 
of the output waveform is controlled by the input pulse. Pulse 
duration of voltage e t also controls the amplitude of e 0 for a given 
time constant R 2 C 2 . Thus circuit generates a sweep waveform 
accurate as to starting time and duration. 

24 0-5. CIRCUIT TO IMPROVE THE LINEARITY OF THE 
VACUUM TUBE SWEEPS : 

We shall discuss here two circuits-one the bootsrtap circuit and 
the other Miller integrating circuit to improve the linearity of 
vacuum tube sweeps. Refer to chapter 26 for more detailed study 
involving transistorized circuits. 

(i) Bootstrap Circuit : In art. 24*0-4 we have explained that 
sweep is linear when the charging current is constant. Bootstrap 
circuit employs a form of feed back through capacitor C 2 to linea¬ 
rise RC sweep voltage and shown in fig. (10). 




Fig. 10. Bootstrap Circuit. 

As shown in the circuit, output is taken across the condenser 
C,. Therefore for the sweep to be linear, it is essential that current, 
; 3 changing this condenser C x must be constant. 

Tube V, is normally conducting due to which its plate voltage 
is low and therefore the voltage across C, is also low. The plate of 
K, is connected to the grid of cathode follower V 2 . The plate 
current through V 2 produces a voltage drop across Rk making the 
cathode positive with respect to the grid. Feed back is applied 
from the cathode of V t to junction of /?, and R* in the plate circuit 
of V i through the capacitor C*. 

When the tube V t is triggered by a negative going square 
wave it is driven beyond cut-off. This rises the plate voltage of 
V x and charges the condenser C x through R x and R 2 . This rise in 
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voltage across C x also rises the grid voltage of V.. and being a 
cathode follower, its cathode potential also rises. This rise of 
cathode potential is applied to the junction of R x and R z through 
Co. i.e. voltage at this junction increases as the sweep voltage 
(across C x ) increases (and hence the name bootstrap) 

If the gain of cathode follower is unity, then amplitude of 
voltage applied to the grid should be equal to the output voltage 
of cathode follower which is the voltage applied to the junction of 
R x and R t . This means the upper end of R, should rise in potential 
almost as rapidly as the lower end which i> possible only when a 
constant current flows through R x i.e. i 3 is constant. Since /, 
charges the condenser C u sweep voltage is linear. 

Basis of bootstrap sweep can now be explained as follows: 
Suppose there is an RC circuit with e, and as input and 

output voltages as shown in fig. II (a), horn fig. II (b) we note 
that charging current is i 3 playing the part of i ol fig. 11 (a). 


a S' I'i Ji 



(</) Simple RC circuil. (A) Lquivalcnt bootstrap charging circuit. 

Fig. II. 

From fig. 11 ( 0 ), 

e,=iR - 1 dt -f V u, 

where V„ is the potential on condenser C m t=-0 and if £„ i' lhe 
charging voltage and 7 0 the current at /=0, then 
V 0 =E 0 — IoR, 

so that 

<•, = /«+ j!rj o /'dt +E.-I.K. ...(I) 


current 


For linear sweep, charging current must he constant so that 
L*nt should always be equal to its initial value, i.e. 

/=/„, 


I — * 0 ’ 

which when substituted in equation (I) gives 



that is, if the charging is to be constant and sweep linear, ii i b 
essential that charging voltage should vary by the same amount as 
the output voltage. I or this to accomplish, we employ a cathode 
follower because in cathode follower, output voltage follows the 
input voltage and gain is also approximately equal to unity. 
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In bootstrap circuit we have noted that ontput voltage across 
C t is fed back to the junction of /?, and R 2 and we reason that due 
to feedback by cathode follower, the output potential is equal to 
the voltage at the junction leading to the constant charging current 

condition. 

(ii) Miller Integrating Sweep : 

Miller integrating sweep circuit is shown in fig. 12. 



Suppressor grid is biased negatively beyond cutofi so that plate 
voltage is equal to E bhy and sweep capacitor C is charged toaimosi 
this value. As control grid is connected through a high resistan 
to E bbt it will be slightly positive with respect to cathode, screen 
grid is also positive, allowing the flow of screen current and tncre- 
fore, screen potential is also low. 

When a positive going square wave is applied to the supp¬ 
ressor the plate current flows, the plate potential starts to tall o 
it can not fall rapidly because a rapid fall will allow the voltage 
across C to drive the grid negative, decreasing the plate current ana 
plate potential to rise. So only a linear fall of potential, as we 
show mathematically, is resulted. This fall is shown in ng. u y 
a straight line between the instants t, and t s . At which manes 
the end of input pulse, suppressor goes negative. When next pu se 
comes, the cycle of operation is reperated. We note that Miner 
sweep is also a triggered sweep because a sweep is generated oniy 
when some input pulse is applied. 

If e c be the voltage rise from cathode to grid then grid current 


will be 

which is quite small since R> is 
path XYY'X\ we find 



E bb -e c 

Rz 


sufficiently high. 



Further from 
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! ‘~ e ° = 'h\ ic d, ‘ 


or 


de c _ dc 0 ic 
dt dt C 

= from equation (1) 

Ca x 

P'<-P'rTWT' where / ,is 2T 

Introducing the gain A, where 

in above equation, we arrive at 

e n Et *-cJA_ 

A~‘°~ PM 

or '•['“i 


or 


/ . I \ e 0 _Eu 

e ° \ '~a)~ AdCR, ApCR, 

r_ f . ae » 1/. i \- 
‘■“=1 1^7 ApCR. J\ A ) 


...( 2 ) 


ApCR, ApCR : 
e 0 _ AE*b 
= ApCR, ApCR •“ 

neglecting the product with IJA because UA'pCR, will be small 
when gain is considerably high. I urlher. 


e u / AEbu \ 

P e ' = ACR,- 1 e 0 J 


de, 




dt 
ACRt 


after puting P -4 

On integration, 

-log (e,-AE hi )=-^ t + constant. 

We know that at f=0, e 0 =E bb . giving 
constant = — log (E bb —AE bb ) 


-log (e,-AEu .)=—^ 2 


so that 


log (Eh-AEm) 
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or E bb -AE bb =(e 0 -AE bb )e-' ACR : ’ 

or e tt e-" AC *,=E bb -AE bb (I -e-i ACR .) 

or e °[ '-aUr+- } 

ep ( l_ i) =£ “( 1_ c7rJ’ 

leaving the higher order terms because A is considerably high. 
Further, 



leaving the term containing the product A ctR ~ r Therefore 

e ° =£ “[ '-c/d 1 — t)] 

Since gain A is sufficiently high we can neglect — in com¬ 


parison to I, so that 

e ° =£w, ( l- CX 

which shows that potential drop is linear from 1 i to t 2 . 

24 1-1. SCALING CIRCUITS : COUNTING TO THE BASE 2 : 

In art. 24*0-3 (bistable multivibrator) we have explained the 
action of binary as a scale of two counter. It was pointed out there 
that if two such binaries were arranged in cascade, they would 
form a scale of four counter. We shall discuss here the latter 
counter. 



Two binaries in cascade : Scale of four counter : 

Ref. to fig. 13. Let us designate the two stable states of a 
binary by the symbls 0 (zero) for ‘off’ state and by the symbol 
1 (one) for ‘on’ state. Further, when we say that a binary is in one 
state, it would mean that input stage is on (conducts) e.g. tubes 
that conduct are K, and V 3 , while output stage is off (non-conduct¬ 
ing) e g. tubes V 2 and V K are not conducting. Similarly, binary is 
in zero state would mean that input stage is off while output stage 
is on e.g. V x off and V 2 conducting. 
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Fig. 13. Scale of four counter. 

We first assume that initially both binaries arc in zero state. 

OPe r^) IO *Applicatio n of first negative going pulse to the point A of 
binary 1. 
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Binary 1 is in zero state, i.e. Vj off and V 2 conducting so that 
V x offers high resistance while V 2 (as it is conducting) a low resis¬ 
tance. Further, branch having resistance R x and high resistance 
offered by \\ is in parallel to the branch having resistance R 2 and 
low resistance offered by V 2 ; therefore portion of any applied 
voltage across any combination will be 


pulse input voltage _ 

total resistance ot both branches 


X branch resistance 


It means when negative going pulse is applied to the point A , 
most of its portion will appear across R u i.e., at the plate of V x . 
This negative voltage is therefore applied to the grid of V 2 and 
switching action starts, so that finally V 2 is off and K, on. Binary 
1 is thus switch to one state. 

With V 2 off, its plate voltage rises as shown by e pi in fig. (13c). 
This rise is applied to the point B of the plates of binary 2 
through condenser C, and input resistance of binary 2, R ln . Since 
the time constant R, n C, is small, R, n C, acts as a differentiator 
and therefore a positive pulse is produced for the rise in e n for the 
period between t x and t 2 . 

As stated previously most of the portion of this positive pulse 
will appear at the plate of V 3 since V 4 is conducting offering low 
resistance. This means grid of V 4 will become more positive but 
the tube V 4 is already heavily conducting, its plate current is satu¬ 
rated and application of any positive voltage to its grid will not 
affect its operation. Binary 2 thus remains in previous zero state. 

(ii) Application of second negative going poise at the point A. 

At instant t 2 , when second negative going pulse is applied, the 
tube V> will be again on while tube V x cutoff. This means binary 1 
is again in zero state. The plate potential of V 2 will fall as shown 
in lig. 13 (c). This fall in voltage will produce a negative pulse 
due to the low time constant R in Cj. Thus negative pulse is applied 
to the point B. 

Most of the portion of negative pulse, applied to the point B , 
appears at the plate of V 3 and hence to the grid of V 4 . Thus finally 
V x is cutoff while V 3 conducts. The plate potential of V 4 rises and 
a positive pulse will appear at the output. Binary 2 is now in one 
state. 

Thus upto instant t 1% binary 1 has changed its state twice while 
binary 2 only once. We note that in the output of binary 2, a 
positive pulse, and not a negative pulse, is produced by the appli¬ 
cation of tw-o negative pulses at the point A of binary I. 


(iii) Application of third negative going pulse at the point A: 
At this instant r 3 , V 2 will be cut off. K, is on, i.e., binary 1 is 
in one state. Plate potential of V 2 will rise, applying a positive 
pulse to the point B. Now since V 3 is conducting, V 4 nonconduct¬ 
ing, most of this pulse w ill appear at the plate of V 4 ; consequently 
grid potential of I' 3 will rise : but as the tube V 3 is already con- 
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ducting to its plate current saturation, application of this positive 
voltage to its grid will not affect its performance, i.e., binary 2 
does not change its state and is still in one state. 

(iv) Application of fourth negative going pulse at the point A: 

V x off V 2 will conduct, i.e., binary 1 is in zero state. Plate 
potential of V 3 falls imparting negative pulse at the point B The 
oridof V 3 will become negative, its plate current will decrease, the 
plate potential rises. Finally V 3 is cut off and V x is conducting. 
Plate potential of V K decreases, producing a negative pulse at the 
output. Binary 2 thus comes back in zero state. 
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To establish the initial condition prevailing in a binary chain 
a reset switch is provided as shown in the figure 4 when this 
switch is closed, all grid leak resistors are connected to grouna. 
Then swith is open, bias is removed from the output stage of each 
binaryTnd the tube's V.„ ^conduct establishing the initial zero 

state. 

Thus it is obvious that output of each binary represents a 
power of 2 : the output of first binary 2*. and output of second 
binary 2= and so on. Therefore if we employ four suchi binaries, a 
scale of 2' (=16) counter wiil be obtained. Refer to figure 15 
ignoring the feedback line FF) and following the operat.on of 
scale of four counter, we find that on the application of 16 pulses 
to the binary-1, 4 will be recorded by the binary 2,, 2; w 1 1 be 
recorded by the binary 3 and only 1 will be recorded by thebinary 
4 Scheme of operation is shown in Table 2 (page 893). I nc 
circuit produces one output pulse for sixteen input pulses applied 
to the binary 1. 

24 2-2. DECADE COUNTER : COUNTING TO BASE 10. 

A decade counter produces a single output pulse for every ten 
input pulses. 

Suppose we start with every binary in one state />. input 
tubes conducting (V u V 3 . V,, V ,) and output tubesi cutoff (V, V, 
V« V t ). This is possible because suppose after the rest (pom ■a 
and b are connected for reset and then disconnected) V, conducts 
more than V.. and similarly input tube of every b, nary conducts 
more so that one state is the initial state. The appheat on of 
pulses in sequences alTect the circuit operation in the following 

wav : 
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When 8th pulse is applied, binary 4 is in zero state so that K, 
conducts and V, is cutoff. The rise in plate voltage of K, is fed 

back to the grids of tubes V, and V,. This . mak ' s t ^. e ^ , i 
and Vo positive and thus they conduct bringing the binaries 2 and 
3 in zero state, i.e., though binary 2 and bmuy 3 were■««»*• 
at the 8th pulse without feedback but now due o h . J ',|7 e if 
they are bought to zero slate which is the state with 14th pu!se if 
there is no feedback as is obvious from the T a ble -2 Thus 8th p 
(with feedback) is equivalent to 14th pulse (without feedback), »tn 
pulse will be equivalent to 15th pulse and 10th pulse will bring 
the final and the initial state of 16th pulse. 

Thus with feedback, 10th pulse brings the same operating 
state as brought by the application ol 16th pulse withoul feedback 
and therefore an output pulse will be produced when.the 10th 
pulse is applied to the binary-1. The circuit then acts as a scale 
of ten or decade counter. 

EXERCISES 

1. What are monostable and bistable circuits? Explain the { ^cuontor 

which they are used. Draw a diagram with approx.matc value of com¬ 
ponents of a circuit for a scale of two. 

2. Draw the circuit and waveforms of a blocking oscillator. H 
be used as a frequency divider. 

3. What are disadvantages of a neon and thyratron sawtooth generator r 

4. Draw the circuit diagram of a vacuum tube sweep generator and exp 
its function. What modification will you bring to linearize the sweep / 

5. What arc disadvantages associated with the bootstrap sweep generator . 
Draw the circuit and waveforms of Miller linear sweep generator. 

6. Explain the function and draw the circuit diagram of a scale of sixteen 
counter employing binary. How can it be modified to work as a eca 
counter ? 
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WAVE SHAPING CIRCUITS 


The process of deriving a desired waveform from a given 
waveform is termed as wave shaping. 

In this chapter we shall describe two types of wave shaping 
circuits : 

(A) Linear Wave Shaping : It has been observed that when 
a sinusoidal wave is input to RLC network (passive elements), 
then output waveform is not changed in shape. Such RLC net¬ 
works, as they do not distort sine wave, are called linear networks. 
But if a non sinusoidal wave is transmitted through such networks, 
then shape of output waveform is different from the shape of the 
input wave. Such a shaping of input waveform by linear networks 
is called linear wave shaping. 

(B) Non linear Wave shaping : When shaping of the input 
wave to a circuit such as clipping, clamping is done by taking 
advantage of the non-linearity of semi-conductor or thermionic 
devices, then it is termed as a non-linear wave shaping. 

(A) LINEAR WAVE SHAPING 

As stated earlier in linear wave shaping, the wave is passed 
through linear network and the operations involved arc linear 
operations such as integration, differentiation and summation etc. 
We shall deal here the sinusoidal input and shaping of non-sinu- 
soidal, viz. step, pulse and square wave inputs through RC net¬ 
work. 

25 1. THE HIGH PASS RC CIRCUIT : 

Fig. I shows a high 
pass RC circuit. Since the 
reactance of capacitor, C, 
decreases with increasing 
frequency, the capacitor 
acts almost as a short cir¬ 
cuit at high frequencies. 

Thus all the high frequency 
input appears at the output. 

Thus the circuit acts as 
high pass filter. We shall 

now discuss the response Fig. l High pass RC circuit 

of the circuit to various types of input. 
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(1) Sinusoidal Input : Let the input be 

ei=Eim sin wt, 

then the current, i, flowing through the circuit will be 


R + 


■ JwC 

and therefore output across R will be 

e,R EimR sin wt 
e 0 =iR= - 7 - --j - 


R+t -W R+~r 


or 

where 


r JwC 

e 0 =E om sin wt, 

*.-1 E on | *--^ 4 - 

R+ jSb 

Em I cos 0+J I £om | sin 9= — 

] ~o>CR 


jwC 




(>+&) 


1 + 


W 2 C 2 /? 2 

Equating real and imaginary parts, 


we get 

I £ 0m I COS 9-—=j—> 


1 + o,=C : /? 2 


r- • a EiJwCR 
E om I sin 0 = -— 


that 


w-C-R- 

C I__ 

^Oml—f I 'll 


_ — _ 

i 


...( 2 ) 


,an 9= ;cr 

Writing again equation (2) for output voltage, we find 
e Q =E nm sin wt 
=| E om | e l » sin wt 

Eim T sin (cvr+9). 


('+=W 

Thus output voltage leads the input voltage by an angle 


o 
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Further ratio of peak values of output and input voltage is 
given by 

E*n R 1 - 

Elm 


Let us put 




W ' = CR' 


i 


JnC 


1- 


wCR 


then 


■>nm 


\ 


Elm 


w 

1 


where 


0 




ZJ 


We can also write 
Etm 
E,„ ' 




. /•_!_is called lower cut off frequency at which this 

wnerc j i — j-cr .. 

ratio falls to 70-7% of its maximum value. At this frequency, the 
ra ft pnitudc of capacitive reactance is equal to the resistance. The 
S =» ..... of,h. .< appr...he. 

asymptotically at high frequences (fig. 2). 



e 4 


Fig. 2. Response of h'gh pass RC circuit 
for step-voliage. 


t = 0 

Fig. 3. Sicp-Nolcagc 


for step-voiMg^. 

m Step-voltage Input : A step voltage (lig. 3) is one which 
maintains the value zero for all times r < 0 and maintains the 

Talue £o for all times after /=0. Rise of voltage from zero to £„ 
occurs very rapidly at t=0 so that voltage curve is vertical at r=0. 
Thus for step voltage, we can write 
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e /=0 at f=0_ (immediately before /=0), 
ei=E 0 at ;=0 + (immediately after /=0). 

Such voltage is applied at the input of a high pass RC 
circuit (fig. 1). 

We know that the response of a high pass RC circuit to step 
input voltage is exponential with a time constant RC , we can write 
output voltage in the form 

e 0 (0 

In order to find constant £, and B iy we have the boundary 
conditions 


e 0 (/)=0 when /=°o ) 

e 0 (/)=£„ when t=0 / 

>\hich when applied to above equation yield 


B 2 =E 0 

Therefore output voltage will be of the form 

* o =0+£ o e-'/“ 

=E 0 e-'i*c 

For tm-RC, 


e 0 =e- 1 


i.e. t output falls to 036 
of maximum input voltage. 
Fig. 4 shows the input and 
output voltages. The drop 
from the signal value is 
called the sag. The sag value 
after / seconds is 
Sag. = £„—<>„ (/) 

= £ (1 —£„ e“ l,RC 
and fraction sag 
Sag. 

=(1 - e -r/KC) 



1 . 

RC r 2R-C- 



£ 0 =0 36 £ 0 , 



Fig. 4. Response of high pass RC circuit 
for step-voltage. 


/ 3 

6 £ 3 C 3 





when t is far less than RC. In fig. 5, output voltage is plotted for 
RC high enough and RC very low. We observe that in case RC is 
made high, e 0 resembles e, except for a small sag. 
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Fig. 5. Plot of output voltage for 
(0 high (//) KC low. 

(3) Pulse Input : 

Fig. 6 (a) shows an ideal pulse with amplitude E 0 and dura¬ 
tion t p . It appears from figs. 6 (a), (h) and ( c) that the pulse may 
considered to be the sum of two step voltages; first step voltage 



£e 


Fig. 6. (a) An ideal square pulse of width, i p , 

(b), (c) Step voltages which make up the pulse, 

(d) pulse after transmission through high pass RC circuit. 
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When the pulse of fig 6 ( a ) is applied at the input of fig. (I), the 
output voltage for times less than t p i.e. in the interval /—U to > t p 
will he the same as that of a step voltage input. Theretore tor 
0</</». output is given by 

e 0 =E 0 e-' RC 0 <t <t p 

At the end of the pulse, t=t P ~ t the height of the output pulse be 
Ei so that we can write 

E _ E -‘r!RC 

At the end of the pulse" 1 = 1 ,*, the input falls abruptly by an 
amount £„, and, since the voltage across the capacitor can not 
change instantaneously, the output voltage must also drop by tne 
same amount £„. Therefore at t=t.* the output voltage is given 
by 






-1JRC 


-E 0 

—E a (e — \) 

since £, is less than £ 0 , the voltage £, becomes negative and after 
i=l„ the output voltage decays exponentially (with time constant 
CR) towards zero as shown in fig. 6 ( d ). 

For l=t„ output voltage is given by 

e= E ie - ( '-' f)IRC 


Wc observe from fig. 6 (d) that the 
transmitted pulse is distorted—there is 
a tilt to the top of the pulse and an 
under-shoot at the end of the pulse. If 
these distortions are to be minimised, 
then the time constant RC must be 
very large compared with the width t p . 
If the time constant is very large 
( RC/'tpP 1), there is a slight tilt to the 
output pulse and the undershoot is 
very small (fig. 7 b). If the time cons¬ 
tant is very small ( RC/t p 1) the out¬ 
put consists of a positive spike or pip 
of amplitude £ 0 at the beginning of 
the pulse and a nagative spike of the 
same size at the end of the pulse 
(fig. 7c). This process of converting 
pulses into pips by means of a circuit 
of short time constant is called 
peaking or differentiating. 

(4) Square Wave Input: 

A waveform which maintains itself 
at one constant level for a time T, and 



Fig. 7 (a) Input pulse 

(b) Output pulse 
with RCptp • 

(c) Output pulse 
with RC4it p . 
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at anothe r constant level for a time 7*. and which is repetitive wit' 
a period (71+7i), T x being equal to T 2% is called a square wave, 
fig. 8 (a). 



Fig. 8. (a) Square wave input. 

(b) Output wave (response of cite cifvUii). 

Let a square wave having a period compilable to the RC 
value of the circuit is applied at the input of 
now study the response of the circuit fig. (N b) at different levels 

of input wave : 

(/) First, soon as the positive 'pike voltage appears at the 
input.it dirculy appears acros% the load R as output, because 
initially condenser C’ behaves as short circuit. 

(//i Now the capacitor starts charging through R . and thus 
capacitor voltage increases As a result, positive voltage across 
goes on decreasing exponentially with timef constant R ol Ik 
circuit towards zero. But this exponential decay is slow as the 
time constant RC is comparable to hall period, /X ol the:wavc 
and as such, at t=h = T lt the output voltage can not approach a 

value zero. ' 

i Hi) Now at / = /, a negative spike voltage equal to ^.appears 

at the input, due to which output voltage atonce lulls by the same 
amount. Thus output voltage becomes negative. Now as tu 
capacitor C discharges exponentially with nine constant RC t out- 
put voltage across R increases exponentially towards zero Hut 
since time constant RC is comparable to A. the output voltaic 
does not rise to a value zero at 

(iv) At t-U again positive spike appears across input so that 
outnut rises by an amount £„ and it becomes positive. State ol 
Xir is now hke points (i) and (it) described above. The Up values 
£, £> £,', and £/ of output voltage as shown in fig. 8 (/>), can 

he calculated as follows: ... 

(/) The output voltage from £, to E> is given by 
e 0 =E l e' ,RC 
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when t=Ti 

eQ=E 2 

so that E*=Ei e ^iIRC -(l) 

(//) The equation of the curve from £ 2 ' to £,' is 

# r.-it-TiilRC 
e 0 =E z e 

when t = t 2 =T x + T 2 

so that E\=Et e ^ •••(2) 

(//#) At instant t=t u £ 2 drops by an amount E 0 so that the 
output voltage is £*'. Therefore 

£ 2 -£ 0 =£ 2 \ ...( 3 ) 

(iv) At instant /=/ 2 , the output voltage E x abruptly increases 
by an amount £„ to attain a value equal to E\. Therefore 

Ex'+E^Ex ...(4) 

Eqs. (1), (2), (3) ond (4) on solving, provide four tip values £,, £ 2 , 
E x ' and £»' of the output voltage. 

25 2. HIGH PASS RC CIRCUIT AS DIFFERENTIATOR : 

In fig. (9), a high pass RC circuit is shown. As already 
mentioned, the process of converting pulses into pips by means of 
a circuit of short time constant is called differentiating. Thus here 
time constant RC is far less than the half time (T x or T 2 ) period 
of the wave. 

If ei is input voltage, e 0 output voltage, and / current flowing 
in the combination, then with zero initial voltage across C, we can 
write 


where q is the charge on C, 
or ci=^rjidt+iR 

If time constant RC is small compared to the interval of applied 
voltage, then condenser will charge and discharge rapidly which 
means that out of two terms in equation for e/, the first term will 
predominate and hence 


er 


rj 


idt 


or 


'- c Sr 

Therefore output across R will be 
e 0 —iR 
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Because RC is small and constant, we have 

de, 

Obviously, output voltage is proportional to the derivative of 
the input voltage. Thus the wave is said to be differentiated since 
it develops another wave, the shape of which is determined by the 
derivative of the input voltage. 


\ l ! 

t-G t-T r tsf+i 



Fig. 9. (t») Differentiating circuit. 

(b) Pulse input. 

(c) Differentiated output. 


We can study the response of the circuit as follows: 

(/) At t= 0, when step voltage is applied to the circuit, the 
whole input voltage appears across load R as the capacitor 
initially acts as short circuit. 

(//) At t > 0, capacitor charges exponentially and voltage 
across R, therefore, decreases exponentially with time constant CR. 
Since CR 4 T u charging of C and therefore decrease ot output 
voltage across R takes place very rapidly so that in a short time 
output voltage is reduced to zero and is maintained at zero till the 
instant t=T x . 

UH\ At/=r„ negative step voltage (-£.,) appears at input 
so that atoncc output goes negative by an amount equal to the 
amplitude of the input step voltage ( = -£ 0 ). I his voltage then 
increases to zero as the capacitor discharges rapidly before time 
/=7 i+ 72 is reached. 

tiv) At f=7'i + T», a positive step voltage is input to the 
circuit and state of affairs is like that described in points (i) and 
/jj\ a bovc We can obtain a criterion for good differentiation in 

terms of the time period of a sinusoidal input voltage. Refer to 
,rt 251 case of sinusoidal input. The output voltage is 

c 0 ~\ Eom | sin («/+*), 

where output voltage leads the input voltage by 0 , given by 

,an '“sar 
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We note that for better differentiation CR should be as small 
as possible. It can be very near to zero or in other words tan0 
should approach infinity for which 0=90°. But the angle can not 
be exactly 90°, because for this either R=0 or C=0 which is 
practically impossible. Thus 0=89 4° serves as a better selected 
value for good differentiation. Thus 


tan 89*4 


1 

ojCR 


,00 -*A 


or 


wC7?=-01 


or 

or 


2nfCR=-0\ 
2 nCR ftt 


where/and T are the frequency and the time period of the input 
sine wave. Thus 



<0 00I6T 

which is a criterion for good differentiation. 


25 3. LOW PASS RC CIRCUIT : 


Fig. (10) shows a low pass RC 
circuit. Since the reactance of the 
capacitor. C. decreases with in¬ 
creasing frequency, this circuit 
passes low frequencies readily but 
attenuates high frequencies. Thus 
the circuit acts as a low pass filter. 
Wc shall now discuss the response 
of the circuit to various types of 
the input. 

(1) Sinusoidal Input : 

Let the input be 

<’i=E lm sin a 


R 



then the current. /, flowing through the circuit will be 




Ci 


y?. 


jwC 


and therefore output across C will be 


1 c. 1 
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Eim sin wt 


I c oCR 


or 


t' 0 =£o»» sin wt. 

where 


E om -\E 0 ",\ E | -i-jojCR 

or | £ 0 ,„ 

1 cos 0+j I Earn 

|sin " , +w t C-R 1 

or 

1 £*» 1 



1 £o» 1 

n —wCR E,„, 

Sind | + co=C 2 /?- 



|£ 0 «|cos(-«)= 1+w ^ ! ^. 
, „ I . , rtv tuCR Elm 

\Eon, I Sin l—9)= | ut : C 2 R : 


so that 

and 
or 


tan (-d)-ujCR 

6— —tan -1 (wCR). 

Thus 6 should be taken as -0 in equation for so that 

£o„=l Eom I 


and output voltage will be 

e 0 =£o« sin wt 
H Ecm I *- Jt 

«j E 0 rn I sin (wl-0). 

Therefore output voltage lags behinds the input voltage by an 

angle 0. . , 

Further ratio of peak value of output and input voltage is 

given by 

% - 1 - J_ 

Elm • +M R | + ti 

W> 


by taking 


Thus 



where 
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We can also write 

ir = TTKif ^ tan ’ 1 (m 

where / a = is called 

the upper cut off frequency 
at which this ratio falls to 
707% of its maximum 
value. Variation of(£ 0 m/£/m) 
as a function of (///*) is 
shown in fig. 11. We ob¬ 
serve that gain at high fre¬ 
quencies is dropped to 
lowest value whereas it is 
unity at low frequencies. Fig. II. Graph showing gaiD as a 

function of frequency. 

(2) Step voltage Input : 

We have already explained in art. 25-1 the meaning of step- 
voltage. Wc know that the response of low pass RC circuit to 
step input voltage is exponential with a time constant RC. That is, 
as charge across the capacitor cannot change instantaneously, the 
output starts from zero and rises cxponen:ially with time constant 
RC towards steady state value as shown in figure 12. 

The output voltage is the 
same as the voltage across 
the condenser during charg¬ 
ing and is given by 

Time, t i% in which out¬ 
put falls to 10% of its final 
value, £ 0 , will be 
e 0 =0‘ I E 0 ~E„ [l-e-V* c J 
or <rV* c =0-9 

_ t± _. n Fig. 12. Response of low pass RC 
or RC~ U ' circuit for step voltage. 

or ib =2 ' 3 ° 3 l0g, ° (,/ °' 9) 

= 2 303 (log 10-log 9) 

= 2-303 x 046 
=0-1 

or f 1=0*1 RC. 

And the time, /«, in which the output falls to 90% of its final 
value £„, is given by 

e o =0-l E 0 =E 0 (1 —rV* c ) 




I 




Wave Shaping Circuits 


9U7 


or e~ , i ,RC =\— 0* 

or ^.=2303 (, °S ,0 - ,o g ! > 

=2-3 

or /•»=2*3 /?C. 

The difference between /, and f 2 is called r/je time, t,, of the 
circuit. It gives an indication of how fast the circuit can respond 
to an abrupt voltage. Thus it is given by 

/,=/•—/,=2*3 rtC-O-l RC 
= 2 2 RC 

Jil 

U>i 

0-35 

■ ■ ■ -■ • 

“ A 

Thus rise time is directly proportional to the time constant 
and inversely proportional to the upper cut off frequency, / 2 . 

(3) Pulse Input: 

A square pulse of width t P and height E 0 is applied at the 
input of low pass RC circuit of fig. 10. 



Input Pulse 


Output Pulse 
RC«t p 


Output Pulse 

RCzztp 


Output Pulse 
RC»t p 


Fig. 13. Response of low pass RC 
circuit for pulse input. 
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The response of the circuit for such a pulse for time less than 
the pulse width, /„ is the same as that for a step input and 
given by 

At the end of the pulse at f=/„ the output rises exponentially 
to a value £1 where 

£,=£«(' -e-'p ,RC )- 

After it the output decreases exponentially to zero with time 
constant £C. We observe that, in case of low pass RC crcu.t, out¬ 
put waveform is distorted and extends beyond the pulse width f,. 
This is because the charges accumulated on the condenser during 
charainc (0 to /„) can not leak off instantaneously. For the distor- 
tionlo be minimum, risetime, t„ should be small compared "Uh 
pulse width, t P . If upper cut off frequency, f : , is chosen equal to 

1 lt p then 

/r=0*35 t P . 

Thus a pulse shape will be preserved if the upper 1 
frequency is approximately equal to the reciprocal of the pu se 
width. For a pulse of duration, / r =0*5 #1 sec, we shall then requ 
upper cut off frequency,/ 2 , equal to 

---- rr-£ =2 mc/s. 

0-5 XIO- 4 * 6 * * * * (ii) 


(4) Square Wave Input : 

Let a square wave having a period greater than rise time De 

applied at the input of low pass RC circuit offigM°. We get 

steady state response. We can describe, now, the response of the 
circuit as follows (Refer to fig. 14): 

(i) First, soon as the positive step voltage is applied almost 

all voltage drops across R and no voltage appears across C. There 

lore output at t=0 is zero. 

(ii) Now the capacitor starts charging through R and the 
output rises exponentially with time constant RC towards E 0 and 
reaches a value E\ at/-/j== T\. 

(iii) Now at f=/„ a negative step voltage appears at the tnpu 1 
so that condenser C starts discharging exponentially till next posi¬ 
tive step voltage appears at the input at t=t t =T l +T i . 

(iv) After t=t* % the state of affairs is now like points (i) and 

(ii) described above. 

The tip values £,' and £ 2 ' of the output voltage can be calcu¬ 
lated as follows : 


Let Ei and £- denote the lip values of input voltage then : 

(i) the exponential curve of output voltage from £-' to £/ 
(in period f=0 to t=h) is given by 

e^ArV K +B 9 
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where A and B are the constants, to be determined by the boun¬ 
dary conditions : 

/=co e 0 =£, 
and t=0 e 0 =E 2 ' 

which w'hen applied to the above equation/or e 0 , yield 

Ei=B 

and Ez=A+B 

so that E 2 '—B=A 

or £.'-£,=/< 

Puting the values of A and B, we get 

e 0 =(£t'.-£,)<»-'">£, 

when t=T u e 0 =E t \ therefore 

Similarly the exponential curve of output voltage from £,' to 
£,' (in period t = t x to t=t 2 ) is given by 

e 0 =A‘e-'^+B' 




Fig. 14. (a) Square wave input. 

(b), (c) and (d) Output waveforms of low pass RC circuit. 
Time constant, RC, is smallest for (6) 
and largest for (d). 
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Applying 

/= co e 0 =E 2 

1=7, e 0 =Ei 


we get 

A'-lEt'-Ed eV* c . 

B'=E 2 


So that 


-(3) 


=(£,'—£,) «r('-V* c +£. 

,=(r,+r 2 ), e„=Ei ; therefore 

...(4 


£,'=(£/-£j) e- r j/* c +£i 


Eqs. (2) and (4) can be applied to determine the tip values of 
output voltage. 

25 4. LOW-PASS RC CIRCUIT AS AN INTEGRATOR : 

A low pass RC circuit is shown in fig. 15 (a). It consists of a 
high resistance in series with large capacitance, output being taken 
across C. 





(a) A low pass RC circuit 
acting as integrating 
circuit with RC^ 15 T. 


i /N 




ViV 



( b) Input square wave to an integ¬ 
rating circuit and integrated 
output. 


Fig. 15. Integrating Circuit and Waveforms. 


The expression for input wave can be written as 


or 



If time constant RC is very large compared to the interval of 
input signal then the second term of above equation will be very 
small and hence 
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since output of this circuit is taken across C, output voltage will be 

eu= js' dt 

= c\~R d ' = Tc\ e ‘ d ' 

Obviously, the output voltage is proportional to the integration of 
input voltage. Thus the wave is said to be integrated when it deve¬ 
lops another wave, the amplitude of which is proportional to the 
integral of input wave, fig. 15 b ). But two important points arc 
to be noted : 

(i) If ei=at then 

«/* 

e °~~2RC 


As time increases, drop across condenser will not remain negligible 
compared with that across resistor, R and the ouiput will not 
remain the integral of the input. 

(ii) The integral of a constant is a linear function and this 
agrees with the curve of fig. 14 (d) which corresponds to RCp T. 
As the value of RCjT decreases, the departure from true integra¬ 
tion increases as indicated in figs. 14 ( b) and 14 (c). 

We can obtain a criterian for good integration interms of the 
time period of a sinusoidal input voltage. We note for better 
integration CR should be as large as infinity. For which either R 
should be infinity or C should be infinity. This is, however, not 
possible. But from case of sinusoidal input wc observe that 
tan ( —0)=c oCR 

so that if CR is infinity, tan 0 should be infinity. In other words 0 
should be of 90*. For al practical purposes, wc can choose value 
of 0 to be 89 4° so that 

tan 894 =wCR 


m=2nfCR 
2vCR 


100 = 


CR = 


T 
100 
2 7T 


«i5 r, 

where T is the time period of input sine wave. 

Thus RC > 15 7* 

is a criterian for good integration. 

(B) NON-LINEAR WAVE SHAPING 

In non-linear wave shaping, we shall discuss clipping and 
clamping circuits. 
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25-5-1. CLIPPING OR LIMITING CIRCUITS : 

The shaping a wave in which it is flattened off or limited to a 

" W- «> 

tgi, ts KfttsafS aw 

^asnsSa* 



Fig. 16. Diode peak limittcr. 

output terminals. But when input voltage ft is more 

ft the diode T, will conduct and if series resistor R is sufficiently 

high* this’conduction will limit the positive P«k 0 fo u, putv o| ta? 

approximately to the level of ft (fig- 17). Sl " * h *£/' th e 
more negative than ft. the diode T, will condiact and withW 
same assumption for R. this conduction will limit the negj^ 
peaks of the output voltage to the level of E 2 (Fig. 17). Tn 
peaks>rc clipped. 



Fie. 17. Peak limited wave. 

Ml R is high compared to diode resistance then drop will be almost across 
R and hence linear. 
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In figure 18, a triode dipper is shown. In this circuit .grid and 
cathode function like diode T, of fig. 16 to '.m.' the posmve peaks 
of the output voltage to a level £,. This is termed as grid limiting. 




Fig 19. Figure illustrating the clipping of a 
sioc wave by triode circuits. 

v, , native peaks of input voltage e,, the amplitude of e. 
Now at " ®a W i,h the cut off grid voltage for the circuit and 
is large compared tvi Thjs re B su||s jn flattening of waveform 

it cut-off bias’ level (fig 19). This is termed as cut-off limiting. 

Limited waveforms are - jj base £ , ipper „ shown 

(b) Base P p waveform in such a clipper, is modified such as 
\ n o remove the Implitudes that are less than an arbitrarily chosen 

‘'"'^obvious from figure 70. that 
. will be obtained only 

°t p n the ampli^de of input voltage 
when the ampm portion 

Sti ».»* i" . 

(fig- 21)- Fig 20. Diode base clipper. 

Cll . h ., e dipping may also be affected by using a triode 
instead of diode (fig. 22). Suppose the level below which we want 


-Oil!—] 

:_i 
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Fig. 21. Base clipped waveform. 


the waveshape to be removed is E%. 
For this, the tube is biased to a value 
that is more negative than cut-off 
by an amount of this desired level. 
The shaping is shown in fig. 23. 



Fig 22. Triode base clipper. 



Fig. 23. Clipped waveform. 

(c) Slicer : An arrangement in which both peaks and base 
are removed, i.e. t a slice of wave appears at the output, is termed 
as slicer. Such a circuit is shown in tig. 24, in which two diodes T x 
and T« are used and they are biased to the two desired levels E x and 



Fig. 24. A slicer circuit. 
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E 2 . How slicing action takes place 
is shown in figure 25. Diode 7\ 
(high resistance R and bias unit) 
serves as a peak limiter while diode 
To in association with £ 2 acts as a 
base clipper. Therefore when input 
voltage exceeds E lt output of ampli- 

tude (£,-£,) is produced, while all 

input voltages with amplitude less 

. . __ .MnlitlU 







t-*/. 


Fig 25 Sliced waveform 

than'fi^ar^reduced'to'zer'oaniplitude in .he output. 

25-5-2. CLAMPING CIRCUITS : 
called clamping circuits. 



Fig 26. Diode positive 
clamping 



7ime in m s*c — 


Fig. 27. Posiiive Clamping 

(a) waveform at input e/. 

(b) charge and discharge curve 
of capacitor. 

(c) output e 0 


m imnlifv a complex waveform having 
Sometimes it is rCC l u,rc . ‘ Su £ h a wa ve can not be applied as 

a high d.c. component • f $incc d c va | uc of waveform 

such to the grid or tnc a i hcncc lhc operation of the amplifier, 
would affect the grid 1 ' a ‘ fC|novc this d.c. level which can easily 
Therefore it i* the wave through a capacitor which 

be accomplished t>yf |U After amplification, we again want 
will block this d-ccomponen^^^ - n lhc wave. To restore such a 
the same d.c. leveMo c | arnp i n g circuit. Therefore, these cir- 

cujts'are'also called as d.c. restorer. 
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In the present discussion, we shall describe positive and nega¬ 
tive diode clampers. Both the circuits consist of a diode with RC 
network. The essential conditions for such circuits are : 

(/) source and diode should be of low resistance, 

(//) time constant RC should be considerably large compared 
to input wave period. 

(i) Positive clamping circuit: Positive clamping circuit is 
shown in fig. 26. In fi.g 27 (a), a square wave of 100 volt ampli¬ 
tude with a d.c. component (average value) of 70 volts [20+(120— 
20)/2( is shown. 

When this wave is applied to the clamping circuit, then dur¬ 
ing the interval of 20/* sec (from 0 to 20/* sec) the capacitor charges 
to full 20 volts through R with polarity shown in fig. 26. The diode 
docs not conduct since its plate and cathode arc at the same po¬ 
tential. The output is zero. 

Now at the instant / 20/* sec, applied voltage increases to 
120 volts. Since the charge on condenser (which is already char¬ 
ged to 20P) cannot change instantaneously, a voltage of 100P= 
(120-20) will appear across R as output. 

As shown in fig. 27 ( b) because of large time constant RC 
condenser charges itself only to a small extent, say 10 volts more 
so that total voltage across condenser becomes 30 volts. This redu¬ 
ces the output voltage from 100 to 90 volts as shown in fig. 27 (c) 
by the position ny 

At f —25/4 sec. input voltage drops down to 20 volts level 
(fig. 27 a) with a fall of 100 volts But net voltage across R at this 
instant is 9()Pas a fall of 100 volts (curve y g y z ) will leave a voltage 
(90— 100). i e. - 10 volts across R. This explains the negative 
undershoot i _.v 3 seen in fig. 27 (<•). This means cathode of diode is 
at —10 volts with respect to the plate, allowing the diode to con¬ 
duct. Since the diode resistance is small, the output terminals are 
short circuited. The output is then zero (y 3 r 4 portion in fig. 27 c). 
Since d.c. input of 20 volts is still at the input, capacitor remains 
charged to 20 volts till the next rise in pulse amplitude comes at 
t - -45/* sec. /.<*, output will remain at zero for the interval for 
(45 — 25), />. 20/isec. and after t =45/* sec. operation repeats itself. 

(ii) Negative clamping circuits : As shown in fig. 28, a 
square wave of 100 volts amplitude with a d.c. component of 70 
volts is applied to the circuit. The only difference between this 
circuit and that shown in fig. 26 for positive clamping is that the 
diode is reversed in polarity. 

The condenser is charged full +20 volts through the resistor 
R. The output is zero since cathode and plate of diode are at the 
same potential. Then at / = 20/* sec input voltage increases to 120 
volts. Since the charge on condenser, already charged to+20 volts 
can not change instantaneously, full 100 volts will appear across R 
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and consequently, makes the plate of diode 100 volts positive with 
respect to its cathode. The diode then conducts and the condenser 



Fig. 28. Negative Clamper. 



T/me "> * Jec —* 


Fig. 29. (a) Input waveform, *#. 

(6) Output waveform. 

, 4.170V quickly through its low forward resistance, 

is charged to + j , J cc whi | c j n conduction is small, output 
Since the diode rcui tcd and output goes down to zero. This 

le,m Tln is'shown by a sharp pulse at r = 20 M sec. in fig. 29 (ft), 
operation . shown oy^ ^ ^ of ^ scc . from 20(t sec . |0 

OLitput re ^ , he j n p U t goes down to 20 volts level, 
25(i sec. "L' amplitude. Diode stops conduction. Since 
falling by . charged to 20 volts, its charge will not change 

condenser is al y of |00 volts will appear across R, 

instantaneously.«"« jn fig 29 (6) at , = 25(l sec . whcre ou t- 

the output, inis _ 100vo|(s 

put goes to /=45/i sec. capacitor discharges to very 

sraalMsxtentas the time constant RC is high. We take that 
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potential across C falls through R by 10 volts so that output comes 
down from —100 to —90 volts. 

At /=45u sec. input pulse again rises to 120 volts an increase 
of 100 volts. This full increase appears across R which already 
has-90 volts across it. So now voltage across /? will become 
(100-90) i.e. 10 volts, making the plate at -flO volts. The diode 
conducts and output is reduced to zero as shown by an overshoot 
at r=45/i sec. in fig. 29 ( b ). 

Output remains at zero for the period 
/=5 to /=50/* sec. For next periods, 
cycle described above is repeated. 

If the cathode and resistor R are 
returned to some voltage other than 
ground, as shown in fig. 30, clamping 
level will be shifted accordingly. For 
example, if cathode (also resistor R) is 
biased to 5 volts negative with respect to 
ground, the output wave-shape would 
shift down by 5 volts. 



Fig. 30. Circuit for nega¬ 
tive clamping at a level 
other than zero. 


25 6. PN JUNCTION CLIPPERS : 

A diode volt-amp. characteristic is shown in fig. 31 (a). The 
slope is discontinuous at the voltage V B . This point is called a 
break point (for P*=0‘6K; for Ge, V B =0‘2V). Now refer to 
the clipping circuit of fig. 31 (/>). The plot of its output voltage, 
r 0 , as a function of input voltage, t>„ is shown in fig. 31 (c). Here 
break point occurs at ( V D +■ V r). 

(/) For positive peak of input voltage , vi : For vi < (V B +V r) 
diode is reverse biased (OFF) and therefore for this portion input 
will appear as such at output. But for vi > {V B +V r), diode will 
conduct. If a silicon diode is employed then drop across diode 
will be approximately 0 6V during this interval and the rest of the 
input will be developed across the resistor, R. Infact, increment m 
output is given by 

(wU )■ 

where R, is diode forward resistance. If Rj < R, then positive 


4 

!dr 


Ac 


y 


(a) 




4- <j>- 

-L_ 




a>) 


Fig. 31 (</), (6). A diode clipper. 
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peak of the output will be sharply limited at the voltage (Vr + v b) 
and it will appear as though the positive peak has been clipped 
off. When V B 4 Vr , positive peak is clipped at the voltage V R and 
is thus limiting reference voltage. Thus output positive peak can 
be clipped at the desired level, V R . 



(ii\ For negative peak of input voltage e, : When the input 
M i.ode will be reverse biased and if small reverse 

feakage'Cent is ignored, input will be transmitted directly to the 

output. 

Clipping at two different levels : 

i, i orrannement of two diodes shown in fig. 32 (a) is 
rUn P cliD the inpul sinusoidal wave at two independent levels. 
The .ran^f«cur letas two break points, one a. -«=«.= ^ «nd a 

"«*• Opcra,,on can be 


second 
briefed as follows : 

Output. Vo 


Vi < 


Input, v, 

y*> 


Diode 

states 


Description 


Hi 


Vi ^ 


V, 


<V Ri to** 


Vr. 


to 


D\ ON] As diode D, conducts, it will 
* D« OFF } limit this portion of input 
J waveform to a level V Rl . 

D t OFF] As both diodes are OFF, this 
D OFF > portion of input will be trans- 
J ferred directly to the output. 
Z), OFF] As diode Z) 2 conducts, it will 
D« ON V limit this portion of input 
J waveforms to a level V*r 


= V, 
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The circuit of fig. 32 (b) is referred to as slicer. 



Fig. 32 (o), (6). Diode Clipping at two independent levels. 

25 7. PN JUNCTION CLAMPING CIRCUIT (d.c. inserter) : 

Commonly used dc inserter circuit is shown in fig. 33 (a). 

Operation : ' 

(/) Let initially capacitor be discharged so that v ac =v. AJ 
f=0, input jumps to -5V and remains at this value for a period 
772. This input will forward bias the diode and capacitor win 
rapidly charge upto-5V (provided we neglect forward voltage 
drop of the diode) Since R L is shunted by the ON diode, it will 



C 

Fig. 33 (o). Diode Clamping circuit. 


not be effective in this period and thus output will be close to zero 
for the first half period (772) of the input. 
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(//) At / = 772, input jumps to +5V while the capacitor will 
hold its previous charge at -SV. If time constant is made much 
longer than T/2 , the capacitor will not have time to change from its 
previous charge i.e. capacitor will serve as a source of a constant 
5V. As the input +5K and capacitor SV are in series, they will 



Fig 33(b) Clamping circuit waveforms. 

0( ij oive an output of 10 ^ (provided R L \s much larger than 
source distance fig 33 b ). It may happen .ha. dur.ng this per.od, 

CaPa S r ZSTiSS' -- back to —51' again, capacitor 

current flow and t *P ^ k tjmc wi || also be quickly made 
u y p agam Thus capaa.or constantly behaves as a constant source 

2S-8 CIRCUITS TO PRODUCE SHARP PULSES : 

25 8. tmtu various receivers and transmitters use of 

Timing made to measure the diffe- 

vcr y accurate sharp► nm i $ tw0 pulses or to produce 

rence in the time oi iriccerine the generating circuits, 

accurate timed pulse waves by W”^ hnk f uC5 : 

We shall discuss here diagram is shown in fig. 34. 

(i) Firs, ' ave T ^ 0 du«d by crys.al oscillator is first 

A high frequeney «ne w « P Q ute p(J | ses of short duration 

(posftite which removes pips). These pulses are then applied to 
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limiter which removes the positive pips. Suppose the frequency of 
crystal oscillator is 1000 kc/s. then these negative pips will be of 
Ip sec. interval. 

To get sharper pips of positive polarity, the output of limiter 
is fed to an amplifier which will amplify and invert the wave To 
remove the broad base these pips are clipped at the suitable level 
by means of a clipper. We thus obtain ‘hair line ’ marker pips at 
l-/z sec intervals. 

(ii) Second Technique ; Ringing Circuit : This circuit is used 
ypically to generate a sequence of pulses spaced regularly in time. 
Circuit is shown in fig. 35. The grid is slightly positive when no 
signal is applied. The tube conducts heavily and the steady 
current builds up a strong magnetic field around the inductor L. 
Output voltage is zero because d.c. resistance of the coil is zero. 



Fig 35. Ringing circuit. Fig. 36. Waveform. 

When the negative going square wave, fig. 36(a), sufficient to 
drive the tube beyond cutoff, is applied, current stops to flow and 
energy in the tank circuit oscillates back and forth between the 
inducator L and capacitor C, i.e. % LC circuit is left free to oscillate 
at its natural frequency. During each oscillation some energy 
is lost in the resistance R so that output is a damped wave shown 
in fig. 36 (/>). Oscillations are damped out soon by decreasing the 
value of R, its critical value is given by 

R~W(UC). 

With such a value of R, most of the energy is lost in first cycle 
of operation and the resulting output is of the form shown in 
lig. 36 (c). Thus a pulse is formed which can be further sharpened 
using clipping and differentiating circuits as shown in fig. 34. It 
should be noted that 

(/) width of the pulse, fig. 36 (t), produced depends upon 
LC. 

(ii) pulse duration is shorter and its rise time is faster when 
the resonant frequency is higher. 
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Another circuit of ringing oscillator is shown in fig. 37. In 
the absence of an input signal, the transistor is biased to produce 
a steady current through the high Q inductor and steady magnetic 
field is built up around the inductor. When the negative going 
square wave, sufficient to cause cut off, is applied to the base 
circuit of the transistor, the steady magnetic field collapses and 
the 1C circuit executes free oscillations at its natural frequency. 
The collapsing field tends to maintain current which charges C 
and oscillations continue until the end of the input pulse at which 
the transistor again conducts. Due to conduction o the trans.s- 
tor oscillations are damped out and magnetic field starts building 
up around inductor. Thus the process continues. 

?+»fe 


» 

0 n 

L.J 

u - cutoff C 

> c 


LJ 

T 


% “ 

> 

l _ 


Damping Of 
oscillations 
due to conduction 
of transistor 


Fig. 37. Transistor ringing oscillator. 

25-9 JUNCTION DIODE SWITCHING TIMES : 

. oil ..notations of diode in this chapter, we have assumed 

a 1 •K'SSSf from ON to OFF in zero time. However, it is 
that diode can sw iitMrom ^ ^ ^ ^ $leady s|ttCa Corres . 

n °tso. Ittak° oF f,o ON. and from ON to OFF, there is 

forward 8 2 and reverse recovery time, r,„ 

re$p rvaa r 

from already = * *j rd rcc0 vcry time, in attaining 90 percent of 
time, if,, ca ) f rom a 10 percent point. Similarly we define 
the final vou f , • c fu e reverse recovery time , t„ , of a junction 
reverse reco c y • nr(Qter t i ian j/ie forward recovery time. 
diode is “^ borage-delay time (described below) since charge 
owing to tn o ®. w hen diode is forward biased. /„ is an 
storage napP• tic 0 f diode in fast switching applications. As 
important c ^ a scr j ous practical problem, we shall consider 

hpre°reverse recovery time, t„ only. 

H iwrsc recovery time : Consider a diode is forward biased 
(ON) and i. is being reverse biased. 
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Let us first consider 
the initial state when 
diode is being given for¬ 
ward bias (ON condi¬ 
tion). Suppose forward 
bias voltage is +10 K 
(r= Vf). We know that a 
pn junction possesses a 
junction capacitance, Cj 
(art 6*10 or 7-15). There¬ 
fore on application of 
forward bias, Cj starts 
charging towards + 10F 
but as it reaches 0*7F 
(silicon diode), diode 
turns ON and holds its 
charge at +0 7K 
( Vrf =+0-7K)and rest 9-3V 
appears across load 
{v L =9'3V). Further in 
forward bias condition 
majority carriers flow 
across the junction (elec¬ 
trons from n to p y and 
holes from p to n) where 
upon they become mino¬ 
rity carrier (as electrons, 
which are majority in 
^-region cross over to p 
region they become 
minority in p-region). Fig. 38. E6ecis of t, and Cj on switching 
These minority charges diode from ON to OFF (reverse 

are stored or they are recovery time). Forward bias 

the charges stored when voltage K/= + 10 K and reverse 

diode is forward biased. bias voltage V r = — l 0V. If 

Let us now turn the is forward current and l, is 

diode OFF, i.e. we apply reverse current. Reverse recovery 

reverse bias, say — 10K. time is t„. 

Then for diode to turn OFF, time will be taken : 

(/) by the junction capacitance , C Jt to charge to the new input 
voltage which is — IOK now, called charging time , and 

(//) for the removal of stored minority charges , called storage- 
delay time, t,. m 

Thus the total time for the diode to switch ON to OFF, called 
reverse recovery time, /„, is sum of 

(i) capacitor charging time, and 

(ii) storage-delay time. 
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Refer to fig 38 (b, c, d ), which depicts the effects of junction capa¬ 
citance and storage delay time. Due to stored charge, tne diode 
will remain ON for a time equal to /, even after the input is reverse 
biased, i.e. diode voltage remains at approximately 0-7K for storage 
time I, after f=0. Io this time, negative input pushes the current 
in the reverse direction through the diode, removing.the stored 
charge and also charging the capacitance 10 !“P U! 

The input is dropped across diode(»a=- iOV, fig- 38 b ) s ° Ihat 
voltage across load is zero (i’l— 0, ;fig. 38 c). 

In may be mentioned that to reduce, /„ one needs; a smaller 
positive amplitude and a larger negative amp nude at the input. 

This will thus reduce reverse recovery time (f„J. 

EXERCISES 

Discuss the response of high pass «C circuit (o various types of input. 

circuits when it i, desired tociip 
(a) the peak ( b) the base of the input wave. 

Discuss positive and negative clamping circuits. 


1 * 


2 . 


3 . 
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VOLTAGE AND CURRENT SWEEP 

GENERATORS 


In chapter on ‘Pulse generation and scaling circuits’, we have 
described these generators with circuits using vacuum tubes. 
As they find wide applications in instrumentation and communi- 
ation systems, we are describing them in detail with transistor 
circuits. 

261. TERMINOLOGY USED TO DESCRIBE SWEEP 
GENERATORS: 

Prior to discussing sweep circuits, we shall explain in brief the 
terminology used for such a description. 

Ideal voltage ramp : In a linear ramp (sweep) generator, the 
voltage increases or decreases linearly with time, and has a dura¬ 
tion. At the end of duration, it returns abruptly to initial value. In 
fig. I (a) ideal voltage sweep waveform (with positive slope) is 
shown. Voltage ramp (sweep) starts everytime after a certain 
repetition period T s > called ramp duration. Such an ideal ramp 
(sweep) waveform can be expressed as 

Vs i = V s I +V.I with 0 < / < Ts 

I J'O 

where V s I is the initial value of the ramp voltage. 

l/-o 

dV s \ 

and 


V is constant for ideal voltage ramp waveform. 

In fig. 1 (b), ramp waveform having a negative slope is shown. 



In fig. 2, practical sweep voltage waveform is shown. In it 
we note that voltage does not return abruptly to its initial value 
after the end of sweep duration, 7\. Thus it takes some more 
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time after the end of sweep 
duration, 7s, to come to its 
initial value. This is called 
retrace interval or flyback 
period or restoration time 
period , and is denoted by 
T,. It is desirable that retrace 
time be as short as possible. 

If fig. 3, another sweep 
waveform is shown in which 
the next ramp takes some 
time duration even after 
coming to initial value, i.e. 
after the retrace time. l£| 
This is called reset time 
or rest period and is de¬ 
noted by Thus 

for a practical sweep 
waveform, the repetition 
period is 



Sweep Retrace 
Reset 





lime —* 
Preset 
Fig. 3. 

T„ r = Ts+T,+ T„xt,. 

For ideal waveform T, and T,, x n are zero. We may mention 
hrre that the time base generators which produce a sweep wave- 
form without any trigger signal are called free running umebasc 
generators, whereas time base generators in which start of sweep 
or its form is governed by external signal are called triggered lime 
base generators. 

SweeD amplitude: It is defined as the modulus of the 
difference of ramp voltage at/= ft and the initial value of the 
voltage 


>"<*p 


K 4-7*“ Kj |i-0 


Sweep or Ramp Sweep : It is the rate at which the sweep 
voltage changes with time. It is constant for an ideal ramp 

waveform. 

Slope or Sweepe speed error: It is defined as 

Initial sweep speed —Final sweep speed 
e Initial sweep speed 
It gives an idea of the deviation of sweep waveform from an 

ideal linear one. 

Displacement error : This error also accounts for the depar- 
of actual ramp waveform from an ideal perfectly linear ramp 
waveform. This deviation from linearity is accounted in two 

ways l 

(a) It is expressed interms of the difference, 5, between the 
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straight line tangent at the initial point of sweep and the actual 
sweep as shown in fig. 4(a). The displacement error is then 
defined as 

5/hox- 

ejisp^ — 1/ 

r sweep • 

This deviation 8 will be maximum for the tangents drawn at 
initial and final sweep points : 



Fig. 4. (a) Displacement error. 

(b) It is also expressed as the maximum of the difference 
between actual sweep and linear ramp passing through the initial 
and final sweep points fig. 4 (b). The displacement error is then 
defined as 

[Vs~~~ lln]max- 
e <H*P- ~ 1/ 

9 sweep • 



Fig. 4. (6) 

Differential linearity : It is measured interras of the maximum 
deviation in rate of change of sweep voltage with time i.e. 

fa I \ from the average value defined over sweep duration 

\ dt /max- 
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Thus 


Differential 


,.ne . 
h arity=± 




“ ( 5 ). 

. * m 

(2L 

Average value can be found by 

Refer to fig 5. The top part shows the actual sweep waveform 
and at the bottom is plotted rate at which sweep voltage is chang¬ 
ing with time, (slope). Obviously at T=Ts sweep voltage has 
become steady so that {dVsIdl) is zero, while at the start, sweep 
voltage increases rapidly and {dVs'dt) is maximum. 



Bv differential linearity, we can account for the departure of 
voltage from linearity in a more better way. 

• nrror • Fvcn if an ideal sweep voltage be trans- 
linear RC networks, output sweep waveform 
nutted thro g H waveform. This departure arises due 

io the error that* has crept indue to transmission through the 
network This is called transmission error defined by 

Input sweep amplitndc -Out p ut sweep amplitu de 
e„ a n>-= ~~ Input sweep amplitude 

26 2 FUNDAMENTAL SWEEP-VOLTAGE GENERATORS : 

Any method for generating sweep voltages utilizes the expo- 
Parsing and abrupt discharging of a capacitor through a 
voltage operated switch (e.g. a UJT, neon bulb or transistor). 
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Thus a fundamental sweep circuit should include : means of char¬ 
ging a capacitor and of discharging it 
when sweep voltage attains its amplitude 
at t=Ts. Further we require, in addition, 
circuit techniques to linearize the sweep 
waveform and a voltage controlled switch. 

An exponential sweep circuit ( R-C 
network with ideal voltage controlled 
switch) is shown in fig. 6. We assume that 
initially switch (SW) is closed, so V ou i= 0. 

At instant f=0, switch is open and the 
capacitor, C, begins to charge towards 
+ V ce through resistor,/?. The voltage 
across the capacitor i.e. sweep voltage, at 
any instant of time is given by 



Fig. 6 


Voui= V ; 


v cc (1 - e-''* 0 ) 


An exponential 
sweep circuit. 


(0 <t<T s ) ...(I) 


where RC is called time constant of the circuit. 

Though the capacitor charge curve is extremely nonlinear, 
yet initial portion is almost linear. Say for first tenth of time 
constant (/.*., f«0*l RC). V ou , is 0 1 V cc . This can be seen as 
follows: The initial charging rate of the capacitor is 


dV ou , _ l*__VcJR_Vcc 
~ST C C RC 

so that, if it continues charging at this rate, then at /=0 I RC, 


out 




=01 V. 


ec 


This is the value at linear charging. But according to eq. (I), 
the exponential charging value will be 

V oul =V ec (\-e-*-'* c i* c ) 

= K ff < 

=0 095 V ec 

which is the actual value as capacitor charges exponentially. Thus 
the two values are quite near, having a difference of 0 005 V cc 
only (fig. 7). After /=0*1 RC, the charge curve begin to depart 
radically from the linear curve. 

Thus if the switch is left open for a time less than 0’1 RC, the 
capacitor voltage, V ou , , will be linear. When the switch is closed, 
Vo,,, will abruptly drop to zero. 
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Thus sweep rot,age is linear if the switch is alternately opened 
for O l V and closed for 0 IRC. The sweep amplitude . 0 1 V«. 
Sweep waveform is shown in fig 8. The sweep.time is0' 1 RC, lh 
tty back time is instantaneous and the OFF time is 0 1 RC. 


Actual cJiarge 
Curve 


0 095 V cc 


O'/RC 


Time 


Fig. 7. 


Sweep omp/'/ude 



o-i % 


01 RC o IRC 
Fig 8. 

7^=0-1 RC t T,*i 0, E,c*i= 0*1 RC. 

Now we proceed to find errors. 

Sweep speed error: We have defined it earlier as 

Initial sweep speed-Final s weep speed 
tV.-d = Initial sweep speed 

(IV* _ Ws\ 

dt ,-o r 't**Ts 

" “ 

dt >/—o 

To find these terms, wc have to differentiate eq. (1). That is, 

e -,lRC 


dt RC 


so that 


dVs I = Vce 

~df L «c 

dVs\ J'cc 
dt \t=T, RC 


,..(7a) 


__V,, —Ts/RC 


...(2b) 
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But from eq. (1), at t=T s , V^=V sweep , we get 


V lweep =V cc (\-e 


-TsIRC 


or 


sweep 

e- T °! RC ^ 


) 


sweep 


■'cc 


Patting it in eq. (26), we get 

=^/,. 
dt Lts RC\ l 
From eqs. (2a) and (3), we arrive at 

Kc _/, V,~'A y « 

RC \ V, e )RC 


...(3) 


Cspeed — 


Kc 

RC 


_ 'sweep 


..(4) 


ff 


Which predicts that, for error to be small, supply voltage 
should be large and sweep amplitude should be small. If sweep 
speed error is less, more linear will be the sweep or ramp wave¬ 
form. For an ideal sweep waveform, sweep speed is constant and 
sweep speed error is zero. Let us see how much time constant RC 
compared to sweep duration, Ts, be kept so that we have a fairly 
linear sweep waveform. From eq. (1) 


Ke( l-e“"* c ) 


t ! 


RC 2 \R 2 C* 3 \R 3 C 3 


+ ..j] 


cc* 


*c[* IRC ] 


...(5) 


V t 

= neglecting second order terms. 
RC 


Thus at t = T St we have 


= ls£s 
,t=T s RC 

so that from eq. (4), we get 

Vsween. T S 

€ speed • 


..(6) 


K c RC 

We have already shown that sweep is almost linear for t= O’l 
RC (one-tenth of time constant). Suppose sweep duration is 01 RC 
then 

0-1 RC A . 

RC _0 ’ 

so that from eq. (4), for sweep amplitude of 1 volt, we shall require 
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Ver of value 


01 

or K*-10 volt. 

Transmission error : From eq. (5), output sweep voltage is 

v {=T s = { v "" f L,“tt ( l ~wc) 

Sweep amplitude for linear sweep is given by 
tv , _V C c Ts 

v y > wapiti *— 

Therefore transmission error is given by 

( Vtwrfp) iin ~*~ ( V$w<c p)ovi 

eiron>'“~ /1/ i 

t y iwtep vui 

RC \ 2RCj_ 

V«Tj_ 

RC 

Ts _ e 

~ 2RC~ 2 

Therefore if lime constant is high, transmission error will be 
minimum and waveform svill be nearly linear. And for a sweep 
to be transmitted through high pass circuit without distortion, a 
very high value of capacitor, C. is needed. 

Displacement error: Refer to fig. 4 (b) The maximum 
deviation from linear waveform occurs at /-3s/2, so that 

(AKsW“(^/*7s/2, actual ~^ s h=T/2 t linear 


so that 


edhp-= 


= “ 2RC\ 4RCJ \ 2RC ) 

m ysiikX 

» Uq 
kjts y 

( L VS)m"* — * 1*7- !■ 


*S Oi.itui 

MC "4 


Sweep circuits : Now we shall list here the type of the cir¬ 
cuits used to generate a linear sweep voltage. They arc 
(/) Constant current charging methods. 

(//) A negative feed back technique to minimise th: sweep 
speed error by enhancing supply voltage K f< and the time constant 
RC (Miller circuit). 
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(Hi) A positive feedback technique (Boot strap method) in 
which the error is first detected and then charging current ampli¬ 
tude is controlled by a suitable positive voltage feedback. 

(/v) Integration of an asymmetrical square wave. 

263' TRANSISTOR CONSTANT CURRENT SWEEP 
GENERATOR : 

We have shown in the last section that a generator, utilising 
a capacitor charging through a resistor produces a sweep wave¬ 
form with poor linearity if more than 10 percent of the charge 
curve (r=0i RC) is used. And if 10 percent of charge curve is 

used, sweep amplitude is small. These limitations can b « ® ver ‘ 

come if a method is used in which the capacitor is charged by a 

constant currem because if the current charging the capacitor is 

held constant during sweep time the voltage across capacitor will 
rise linearly. Thus it will result in a linear sweep. 

A circuit using a PNP transistor in common base configuration 
is shown in fig. 9(a). The transistor is biased to operate in th 
active reeion (E-B junction is forward biased). Let the base dc 
biased at+10V above ground so that C-B junction is reverse 
biased while E-B junction is forward biased. Let the capacitor 
be fully discharged initially so that collector is at ground potential 

£' = 0 ) and Vcb- ~ 10 V - Further as £ ~ fl J u J nCtl0 , n ,s f ° rward r 

biased it will conduct and maintain a forward voltage drop of 
atout 0 7 V (silicon) so that 10 IV. The emitter current is 

then 

, 20V-101V 

/£= 4 7 k(2 2 A 

The collector current. Ic. at the initial operation point is also 
approximately 2 mA. It will charge the capacitor positively at 

the rate 

d Z is = 2 '-* = 2000 Vis (if c 
dt =C \uF 


1 V-F) 



Fig. 9(<i) 

In 4 milliseconds, it will be charged to a voltage 
= 2000 Vis x 4ms 
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so that net reverse bias is now only -\0V+kV**--2V /.e., 
y _2V. Thus reverse bias V C b goes on decreasing but the 
collector current, / c , is still essentially constant at 2 in A and conti¬ 
nues to be constant upto 5 ms when capacitor has reached a 
voltage \0V and V CB =0, (fig. %). Thus rise of voltage across the 
capacitor (due to constant charging current, /c, upto ^=0t is 
linear until it (capacitor voltage) reaches a value equal to the base 

bias voltage. 

Imt/o/ 
operof/ng 
point \ 



+ 0-7v -2V 


-5V 


-f K:e 

&/osot star' 


Fig 9(b) 


and alter I his point, Squenlly. capacitor will charge 

current to decrease .^p.dly- tonscq^ y. [cachcs ^ 

at a slower rate “ nt 'J^steady slate,. Thus rise of voltage 
the capacitor stops 6 8 ^fter Vcb starts going positive It 

7,Z fftlTapZor is discharged on or before ,he time i r reaches 

lOf', the output sweep collage I.... ( =- 1 i| J n,w bt lm,a '' 7/ “" 
is, sweep collage waveform obtained will be linear. 

Fie 110) shows a method for discharging the capacitor to 
the help of a transistor switch. The input 

( P o r ° G d “is no y rmany «ro so G. is OFF. and allows C to be charged 



linearly by the collector current of G.- When Q t is pulsed, it turns 
ON and discharges C to 0 V. 



936 


Hand Book of Electronics 


26 4 . UJT SWEEP WAVEFORM : 

First we shall explain UJT operation and then production of 
sweep waveform. 

UJT operation : UJT is a three terminal device It usually 
consists of an W-typc silicon bar fig. (II), along one side of which 
a PN junction (near mid point) is formed. Connection made to 
P-type material of the junction is called emitter E. Connections 
to the two ends of the bar B it and B 2 are called bases. Thus this 
structure has two bases and a unijunction. 




Fig. 11. UTJ (a) Structure, (6) equivalent circuit, (c) electronic symbol. 

Between fl, and B-, structure is simply a resistor, total 
resistance is (/?„, + /?„,) '' here R Di is the res.stance of the portion 
between P L and the point, J (cathode of PN junction) and R Bl * s 
the resistance of the portion between B 2 and the point J. Obviously 
if Vdd be the voltage applied between B x and B 2 then voltage at 
point J will be 


y l= _ 

+ 2 

= t)Vbd- 


xV 


un 


when 7 / is called internal voltage divider ratio and is supplied by 
the manufacturer. Ri h is variable as it changes considerably when 

UJT is ON. 


When we apply a voltage Vee to the cathode then if it is less 
than Vj then, as the diode will remain reverse biased, no emitter 
current, /,-, Hows (thoueh current will flow between B x and B%). 
This is called OFF statcV UJT. Resistance Rd x is very high in 
this state fig. (12). 
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Turning ON of VJT: When 
emitter voltage is increased to a 
value such that the diode begins 
to turn ON, the emitter current 
will start flowing. Such a value of 
V EE is called peak point voltage 
V P . Any increase in emitter voltage, 
Vee, increases / r and when I E 
reaches a value called peak point 
current. I P , then VJT switches 
(atonce, within \ps) to its ON state. 
In ON state R Ul drops to a low 
value. 



Fig. 12. 


Turning OFF of VJT : Once VJT is ON, Vee can be reduced 
below K,and VJT will remain ON but /. w.II decrease When 
1 E decreases below a value. I,; called valley current, VJT will 
revert back to its OFF state. 


UJT as Sweep Generator: Circuit is shown in fig.•13(<j)« 
When a supply voltage Vbb- say 20 V. ts imt.ally applied to he 
circuit, UJT is momentarily OFF because eapadto r ®rounds the 
emitter to 0, volt and no emitter current flows. Consequently, 



Fig. 13 (a). 


anchor r will beein to charge towards 20V through resistor R, 
Z P Ub) But as changes towards 20 K, emitter voltage increases 
a^d as UKaches peak point voltage, l>. WT turns ON, and the 
resistance decreases appreciably^ But such a low R u (about 
50 ohm) provides a path for the condenser, C, to discharge. Thus 
C discharges and its discharge current provides the emitter current 
° hold UJT ON. The capacitor will continue to dis¬ 

charge until emitter current, 4. drops below peak point current, 
4 and then UJT is turned OFF. In OFF state, C again starts 
charging towards 20F and the whole process is repeated. 
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Fig. 13 ( b) 

26 5. MILLER INTEGRATION SWEEP CIRCUIT : 

By using a negative voltage or current feedback, this circuit 
produces a linear sweep voltage. 

A basic sweep circuit is shown in (fig. 14 a). If switch, S , is 
open, voltage across C, will rise towards V to give sweep voltage. 
The sweep waveform will not be linear if the charging current is 
not constant. Suppose if the voltage drop across C, be supplied by a 
voltage source , say , a fictitious variable voltage generator v, (fig. 14/?) 
then charging current will remain constant at i— V/R, and con¬ 
sequently a linear sweep will be obtained. If terminal, Z, is ground¬ 
ed (fig. 14 c) then this linear sweep will appear between point Y 
and ground and will increase in the negative direction. We now 
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r, (t+MC 


r ^ 


T r 

14 


F.e. 14 (/) 


replace the fictitious generator by an amplifier with output terminals 
YZ and input terminals XZ (fig. 14 d). Since voltage across C is 
supplied by the generator voltage, v, at every instant of time, the 
input, vi, to the amplifier is zero. It means X is at ground potential 

(like Z) i.e. X bel.aves as _ Cii _ 

virtual ground and yet with • ‘ 

zero input, if we want to ..77^ / 

obtain a finite output, the _ ? + 

gain of the amplifier. A, tr { ;• _ J 

should ideally be infinite \ ^ £ 

(a finite output divided by Jl 9 

zero input gives infinite * t 

gain) but it is a characte¬ 
ristic of an ideal operation- lg ' 

al amplifier acting in an - 

inverting mode. If feed- j O-t 

back resistor of such an v r v- 

OP-AMP in inverting mode i o 

be replaced by a capacitor 9 | o - 

(fig. 14c) then it becomes 

an operational integrating 

amplifier. Such a circuit | 4 (n 

(fig. 14c) is what we have , hroug h C. forces the termi- 

described in fig. (14</). The/‘^xhis feedback capacitor,C, appear 
nal X to exist at virtual groui na. 14 /). We may remem- 

as (I+/OC across the '"P 1 !'' . capacitance connected between 
berthatin Miller effect also a c p and | aIe circU il. i.e. C„) 
input and output terminals <'•*• «' by a factor (I +A). Hence 
effectively raises the input copoc't - or MjMcr sweep, 
such an integrator .scaled Ml jn fig . ( 14 g) 

The Miller Sweep F«P 1 > ha , hcrc th is switch is connect- 

showing a starting switch *>. I n when we close it. unlike in 
ed such that the sweep starts to o an( j a xhevenin’s circuit 
fig- (I4fl)j, amplifier input ^^J^jhcoutput resistance of the 
for the base amplifier. We ,aU th . hc open circuit voltage gam 
base amplifier is negligible. Let A be / 
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71 X,- C 

_ 

1 

Q-*T 9 -VWW- 

L R* 


• ■ * 

l 

- IT 

-— 



Fig. 14 (h) 

of the base amplifier. We have further replaced the input circuit 

of fig. (14#) by a Thevenin’s equivalent (fig. 14 h) in which 

Htot) *- F 


and 


R' = 


R,R 


1 + R/Ri 
( ie - 


Ri+R 

(i) At start : When switch, 5, is closed at /=0, we consider 
that the capacitor voltage is zero. Since the capacitor voltage was 
zero at t=0~ (meaning / < 0 but close to 0 i.e. y immediately be¬ 
fore closing the switch), it must be zero at r=0+ (mining 

but close to 0, i.e.y immediately after closing the switch). I he vol¬ 
tage across the capacitor at /=0 + is 

vi—Avi**{\—A)vi 

but it should be zero so that 

(\-A)v,=0 

or Vi=A r,=r o =0, 

i.e. output voltage is zero. 

(ii) At t = oc : The capacitor is fully charged and no current 
flows through it so that 

i u~V' 

and v 0 =Avi=AV 

Thus output voltage, v 0 . waveform is a simple exponential 
because the circuit involves a single capacitor. It will reacn a 
steady state value A V' starting from zero. The sweep is negative 
going because A is a negative number. 

Slope error is given by 

Sweep am plitude Ks 

e^— steady - state value 


\ A \ V ' 

V s l + RIRi 
“ V I A . 

where as in simple RC circuit (shown in fig. 14 a) it is 

Vs 

e slope y 


-(3) 
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Thus in present case (Miller sweep) deviation from linearity 
»K)/ A times that of a capacitor charging through R 
directly from a source, V. 

The sweep speed is given by i/c for the circuit, where virtual 
short circuit exists at the input terminals to the base amplifier, we 
have / ^ V'lR' so that 

„ V '! R ' 

Sweep speed— ^ ■ 


— R'C •••(4) 

and it is same as in the case of a capacitor charging through a 
resistance directly from the source. 

The deviation from linearity can also be expressed interms of 
sweep period as follows: 

As gain, A, is negative, wc can take the shunting capacitance 
Ci=C(\-A) 
so that input voltage, 17 , is 

,v=r(l-e -,/r,) ...(5) 

where r,=( 1 — A) R'C. 

Wc note that the effective 5 ft ' 

input time constant r, is R'C r~^* _*W. AA A n 

multiplied by the voltage gain 1 

of the amplifier and will nor- 

mally be large. Thus time cons- ^ y C- == ?/: 

tant get augmented by the feed- L “T 1 

back and linearity of the sweep 

is improved. <5 

The output voltage is given Fig. 14 (/) 

by 


Fig. 14 (/) 


v,=A<; (l—e ,/T,) ...( 6 ) 

where r t =R 0 C 

as wc have already taken R„, the output resistance of base ampli¬ 
fier as negligible, i.e. r 2 r,. Thus i/t 2 is quite large so that we 
can write 

v 0 ~A v, 

=/«r (l-e _,/T,) * 

•Note for /= %', 

~ lT i -co „ 


so that v 0 =AV as deducted earlier in cq. (2) 
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and at the end of the sweep period 



where T is time at the end of sweep period. The second term in 
eq (8) represents deviation from linearity. Thus non-linearity is 

within X 100 percent. As voltage gain, A, is sufficiently high 

in the case of an operational amplifier, long period sweep voltages 
can be generated. 

To sketch and label the output waveform : Let us take an 
example. Specifications are indicated in the figure (14 j) OP-AMP 


C = 0 • IalE 



Fig. 14 ( j) 

has a maximum voltage gain of —5001, a very large input ijnpc- 
dance, an output voltage limit of ± I0F, and the switch is close 
for 100 ms. We shall also determine the percent deviation trom 
linearity. 

From t=(1 — A) R'C 

zx-AR'C 

^ 5000 x 10 4 X O' I X 10 _ ® 

= 5 j, (as R'=10KQ, C= 0 '\pF) 

From equation (7), we have output voltage for r=100 ms for 
which switch is closed as 

(3«-0W 

^ — 500 V. 

But output can reach only — \0V. Therefore time, 7 , in which 
output reaches this value is 
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or 


i'o(T) 


AV'T 


1- 


AVT 





-5000x5 xT 
5 


or r=0-002 s (=2ms). 

This is the sweep deviation. For this sweep deviation, percent 
of deviation from linearity is given by 

=^—-x 100 

2t! 


0002 
“ 2x5 


x 100 


= 002 %. 

Output waveform is shown in fig. 14(Ar). Sweep waveform is 
only for duration 2ms. 



Time Constant=5 A 


Fig. 14(4) 

For vacuum tube Miller circuit refer to capacitor on 'Pulse 
Generation and Scaling Circuits*. 

26 6. BOOT STARP SWEEP GENERATOR : 

In this type of generator, we use positive feedback for achiev¬ 
ing linearity in sweep. A general capacitor charging circuit is 
shown in fig. 15 (a). Circuit, /. is given by 



where v c , is voltage across the capacitor, at any time t, after the 
switch is off. This current is not constant due to nonlinearity in v c . 
If V could be replaced by (P+rJ then the desired charging 
current will become constant at 

;_(V+Vc)-Vc _ V 
R R 

It means we have to employ means of positive feedback of 
a voltage equal to v c . This can be done by amplifying v e with 
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S5 'rS 

tion is shown in fig. 15 (b). The gam of the OP-AMP is ^ so i 
at r=0 + , we have 

V-Vc+Av e 

lc ~ R 

assuming input impedance of the amplifier to be very large. Thus 

. V-(\-A) v c ...(1) 


K-(l -A)v c 
lc= R 

Obviously if >4 = 1, unity gain, then 


and the output is 


/ c —-=constant=/ c 
R 


v 0 =Av c 

d q-Al<t_AV 


...( 2 ) 


=«•/ for unity gain 
RC 


...(3) 


We note that the input of fig. 15(6) is lifted by its own output 
or by its ‘boot straps’. 



Fig. 15 (a) 



Fig. 15(6) 
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At any instant of time, voltage, across the capacitor, C, is 
given by 


Pci 


rf.‘* 


Differentiating it with respect to ;, we get 
cb,. (I j K 
CK 


irrii_ii=te]* -(4) 


••(5) 


solution of which is 

, v |=_ 21 _r 1 — e“ (l "' l,l/ * c J -< 6 > 

/, n/ )WV« the sweep linearity. 

'» P'-Sii 1 bet w e'en 
th* 1 *!***® duration in which the voltage ramp reaches the sweep 
amplitude. K,. as a function of gain, A. 

Wc can write, using cq. (6), that 

[I) 


or 

or 

or 

or 


(1-^4) 

V s (\-A)-V[\~e~<'- A > llRC \ 
y e -i\-A)n*c —v —( \ — A) V s 

v-d-AjV7 
rc r ^ 

• = -—— log ' [k—( 1 —/4)KsJ 


• •(7) 


...( 8 ) 


(1-^) 

If wc put V=Vs. than ( = r, the sweep duration 

r ’T fer l0E ' (i) 

From cq. (3), WC can infer that, as A-\, we get linear ramp 
(sweep). The sweep duration, T,u. for linear ramp is 

T«„ =CR 

s „ that from eq. (8). we arrive at 

trarMx) 

Which for /f=»0*98 is 


T= 


or 
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T 

—— = 108. 

*I in 

From eq. (9), it is clear that the sweep duration is very sensi¬ 
tive to amplifier gain variation. For better linearity, amplifier 
gain should be stable and have unity magnitude. 

Boot Strap Generator using Emitter Follower : 

Circuit is shown in fig 15 (c) In it a transistor with high ft 
is used so that the emitter follower may have a gain close to unity 
required for linearization of sweep. 

F is a d.c. source which will charge the capacitor once the 
switch S, is open. Normally switch, S t is closed and resistor, /?, 
controls the current through diode. Initially voltage across the 
capacitor equals the forward voltage drop across the diode. 



Fig. 15 (r). 

Sweep starts when switch, S, is opened at / = 0. Diode, Z), 
through its forward voltage drop, helps in turning ON the transis¬ 
tor so that any delay in starting the sweep is minimised. Switch 
is opened r e rises towards steady state value. 



V 

O-A) 


(from eq. 6 on putting /=co) 


with charging time constant 


CR 

T ( 1-/0 

As the sweep voltage begins to increase, the amplified sweep 
voltage adds in series with the d.c. voltage, F, to provide the 
boot strap action needed for linearity of the sweep. The output 
voltage, v 0 , continues to increase till the transistor saturates at 
time tt$sT $weC p. 


For vacuum tube bootstrap circuit, refer to chapter on ‘Pulse 
Generation and Scaling Vacuum Tube Circuits’. 
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26-7 CURRENT TIME BASE GENERATORS : 

. '«* 

systems where, by employing magnetic deflection, a greater deflec¬ 
tion sensitivity is achieved. . ... 

I incar sweep voltage methods which have been described 

n ^Mier art clcs if applied toaresistorw.il generate a current 
in earlier article ,^ PE B , we sha || discuss here a 

s “««i» »*-« 

through an inductor. 

Rehaviour of an Ideal Inductor with Ideal Voltage Source : 
MeuHnductor means that its self capacitance and resistance, R L , 
Id Si, ideal voltaee source means that us source resistance, 

a „ rC "‘ g , f. I at time r= 0 , (fie. I« fl ) a voltage. V s . is applied 

* S jcod of inductance, L. in which the current is initially zero. 
Jh cn the current in ideal inductor, , t . is given by 

...(I) 


IL 




i* j - 

i/ k,; nfl derived from an ideal voltage source, is constant. 

increase linearly with time (fig. 166,. 


Iit 


h 


Current 

woi/efo/vn 



Fig. 16 («) 

Behaviour of Practical Inductor with Practical Voltage Source. 

A nractical inductor will have a self capacitance and a self resistance 
n And a practical voltage source will consist of a source resistance 
0 Taking initially t =0, current, i Lt to be zero, we can write for 

such a circuit (fig. 16c) that 

Vs =*l {Rs+Rl)+L -jf 

Which can be solved to give an inductor current of value 

L |/>0 Rs-\-Rl l J " (2) 

Which shows a variation depicted in fig. 16 (J), predicting that 
current rises exponentially to a steady state value 

• 0 ) 


,L l-TRs+Rt ' L 
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Fig. 16(c) 

From cq. (3) we can Chen write 


Fig. 16 (d) 


*L [ 


LHRs + Rl) 


The time constant of the circuit is 

L 

T Rs+Rl 


...(4) 


...(5) 


For sweep duration (7*$) much less than the time constant, 
current i L% increases linearly with time. Voltage across inductor is 


v, =L- L 
/>0 dl 


, Vs Rs+Rl -I(Rs+Rl)IL 
= L - R^ ~L—- e 

y e ~-t (Rs+RlML 


--URs+RlVL' 


...( 6 ) 


so that V L | /e0 = Vs 1 / 7 J 

V L 1 ^ = 0 . f 

A simple current sweep : A simple current sweep circuit 
biased on basic principle is shown in fig. (16 e). Transistor 
acts as a switch as it switches ON or OFF the inductive load. 
As the energy is stored in the inductor when a current is flowing 
through it, some means should be provided to dissipate this energy 
when the transistor turns off otherwise it will damage the tran¬ 
sistor. To provide a path for it, a diode is shunted across the 
inductor. The cathode of the diode is connected to positive 
terminal of the supply while anode is connected to the collector. 


The input waveform has two levels. The lower level keeps 
the transistor cut off while upper level drives the transistor into 
saturation. When the transistor is turned ON, then current it 
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+ o—WVW— 




J _ 

— 1 1=0 
i 

. _ s_ 

Tim6 —► 

\ur % 

b 

!A 


. Time — > 

F . |6(<) Fig. 16(/) 

■ rrrases*'linearly with time. The diode D does not conduct due 
increases y j, Theswcep terminates at t = T s , when the 

10 rCVC ^l drive the transistor to cut-off. The stored induct,ve 
'"put signaled t ^ ihe an0()c posiljve Wllh respect to 

CnC „ rg V and the diode conducts The inductor current then 
° h d nes to flow through the diode. D and resistor R„ until it 
decays to zero. This decay is exponential with time constant 

L where is sum of damping resistance and diode forward 

r 'Rj 

reSi Tc C o e |icctor saturation resistance Res. of the transistor and 
resistance associated with inductor, Rl. is considered then cq. (3) 

Il ~{Rl+Rcs)\. e J 

V„ URl + RcsM (Rl+Rcs)I* 1 

“(fft+Jfcs) [ L iL ‘ -I 

L] 

v„.t i r i _ \ < r l+ r cs) f ~] 

~{R l +RZ) LK r l+*cs )L L J 

=, -t['-Tt] •••<*> 

. e,i (3)and (5) with V s =--V, t , This equation is analo- 
US 8 ,ne’o (h) of art. 26 5 - The current ,hcn departs from a 
linear increase with time just as in case of voltage sweep. For sweep 

criod, Ts, the non linearily is represented by ,he p To keep 

■ I . should be large or {Ri+Rcs) should be small or in 
t rwords if voltage (Rl + Rcs) II across the total circuit resis- 
01 is kept small compared to supply voltage V, t . then linearity 

lan | „... current waveform will he maintained, _ 

lhe effect of collector saturaiion resistance (R cs ) ol ihe Iran- 

sistor. 
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EXERCISES AND PROBLEMS 

1. With reference to voltage sweep generators define ideal voltage ramp, 
slope error, differential linearity, and transmission error. 

2. Describe a fundamental sweep voltage generator. Show that sweep is 
linear if time constant is about ten times larger tnan the sweep duration. 
Find slope and transmission error in this case. 

3. Describe a transistor constant curicnt sweep generator. Show that 
sweep is linear until capacitor voltage reaches a value equal to the base 
bias voltage in a common base configuration. 

4. Describe a UJT sweep waveform generator. Sketch the output wave¬ 
form. 

5. Discuss a Miller integrator sweep circuit. Show that nonlineartiy of 
sweep waveform is within — x 100 percent where T is time at the end of 

sweep period and r is the effective input time constant. 

6. Discuss how sweep linearization is achieved in a bootstrap sweep gene¬ 
rator. Show that positive feedback with unity gain enhances the time 
constant of the circuit. Describe an emitter follower circuit. 

7. For what purpose current time base generators arc put to ? Describe 
a simple current sweep circuit, with theory indicating clear'y the effect 
of associated resistance of the inductor on the linearity of the sweep. 



INTEGRATE!] CIRCUIT FABRICATION 



assc SS^ ^ 

^^dof'SerS^ronie circuit*hM^en^oMi'deraWy reduced by the 

?“ ft cn-oof«n iswrs in the fi- ld of elec,ronics The size of the 

Sontc rircuit has been further made compact by the use of 

nWnted circuits In printed circuits the inter connections between 
printed tireuii ^ r ^ , hrough t hm metal strips formed on 

various comp a method brought a certain degree of com- 

an msulau g sh et. This me. jn re|jabj|ily b , causc lhe 

pactness but still * n , s afc (0 bc s0 | dcre d, of course con- 

aC ",'L wires are eliminated. The reliability of the circuit can be 

necting »"** *.? . , nlcr connection between active and passive 
in mno m a-e d ehmina«ed. Actually this is made possible in 

components a C grated circuits, the active and passive 

integrated cireu ^ Mme crysla |. a„ integrated circuit 

components * J , , hjp „f silicon, typically 50 by 50 mils* 
m cross secOon con.aming both aeve and passive elements and 
.heir inter connections. 

27 ,. INTEGRATED CIRCUIT TECHNOLOGY : 

The basic structure of a integ- 
r ucd circuit is shown in fig. I (t>). 
rids consists of the following four 
l ' Ye r of different materials : 
ay m The bottom layer a 
n .,ype Silicon layer of o-l524 m.m 
thickness. This layer serves as a 
body or substrate upon which 
integrated circuit » to be built. 


93 


/ 

o— 


M 



Fig. I. (a). A circuit containing 
a resistor, two diodes and 


n Ir.ineiclnr 



Fig. I. ( b) showing the basic structnre. 
•V mil -0 0254 m.m. 
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(2) The second layer (which is nearly 0 025 mm thick) is of 
N-type material which is grown as a single crystal extension of 
the body or substrate. Using a number of diffusion steps, all the 
active and passive components are lubricated or built within this 
layer. These components are transistors, diodes, capacitors and 
resistors and are made by diffusing P-type and N-type impurities. 
Here it is necessaiy to diffuse impurities inceriain precisely denned 
regions within this layer. The fabrication of a transistor is most 
complicated. 

(1) The third layer is of silicon diode (Si0 2 ) material. The 
purpose of this layer is to protect the semiconductor surface against 
contamination. The layer acts as a barrier in the selective diffusion 
of impurities in the second layer. The layer also protects portions 
of the water against impurity penetration. The Si0 2 layer is etched 
away in the regions where diffusion is to take place, leaving the 
rest of the wafer protected agairnt diffusion. For selective etching, 
the SiO a layer is subjected to a photolithographic process which is 
discussed in later article. 

(4) The fourth layer is a metallic layer of aluminium. This 
is added to supply the necessary inter-connections between diffe¬ 
rent fabricated components. 

27 2. ADVANTAGES AND LIMITATIONS OF INTEGRATED 

CIRCUITS : 

Advantages : Following arc the advantages offered by integ¬ 
rated circuits : 

(i) Due to the processing of large quantities of the compo¬ 
nents, the cost is low. 

(ii) The size is small. 

(iii) They have high reliability because all the components 
are fabricated simultaneously and there arc no soldered 
joints. 

(iv) To obtain better functional characteristics, more comp¬ 
lex integrated circuits may be used and hence the perfor¬ 
mance is improved. 

(v) There are no inter-connection errors. 

(vi) Temperature differences between parts of a circuit are 
small. 

(vii) A close matching of components and temperature coeffi¬ 
cients is possible because they are fabricated simultane¬ 
ously by the same processes. 

Limitations : Following arc the limitations of the integrated 
circuits : 

(i) The inductors can not be integrated directly. 

(ii) Capacitors and resistors are limited in maximum value. 
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( iii) Resistance and capacitance values are often dependent 
on voltage. 

(vi) High grade PNP unit is not possible easily. 

< v ) Power dissipation is limited. 

( vi) Low noise and high voltage operation are not eas.ly 
obtained. 

(vi|) High frequency icsponsc is limited by parasitic capaci¬ 
tance. 

basic monolithic integrated circuit 

TECHNOLOGY: 

The word “ monolithic ” is derived from Greek monos meaning 
.••and liil,o meaning -stone". Thus a monolithic circuit 
■iffobri intoa single stone i.e. a single crystal. The mono 
1 t c circuit is formed by the following steps : 
l,th,C c ' „ . epitaxial growth : An N-type epitaxial layer 

u v P 5 to 25 ixm thick, is grown on a P-typ: substrate which 
typically 5 >o «’ P . , | Y |o ohm-cm. Epitaxial process is one 

ha , resistiv* j'Xe, of high resistivity silicon is grown on a low 
in which ai thinlay ^ 8 s|s|jvity of N ., ypc epitaxial layer can 
resistivity substr c. of , ha , of , hc substrate. Generally values 
bC Tl u 0 J ohm-cm are chosen f.»r N type layer. An oxide 
IhilTlaycr (0-5 micron 5000 A) of S,0 ; ,s formed over the entire 
r after polish- OMite 






//- f/pf cprto*/a/ loyer 

„ rmvn by exposing %,,v L-—--— 

epitaxial layer to oxygen 1 ^ ^ «*** 

atmosphere and ca mg ^ Fig. 2 Epitaxia , growth . 

a bout ‘‘“of preventing the diffusion of impurities through it. 
prop «! « ? Isolation diffusion : By means of a photolithogra- 
, hine process (discussed in later article), the silicon dioxide 
pluc citnii b » different places from the wafer as shown in 

! S , ri ( 3 ) Ti c remaining SiO, serves as mask for the diffusion of 
l,g impurities (boron, in this case). The wafer is now ready 
acceptor . 0 f isolation diffusion. The P-type impurities are 

f nrised “o penetrate the N-type epitaxial layer and reach the P- 
diliuscL ‘ I Thc Jilfuscd regions connect up with underlying 
ly pc suns -• (ra| anc , f orm isolation pockets in the epitaxial 

p-rcgion t ‘ NVC | iav c the N-type shaded regions as shown in 
layer In J rcc j on s or sections arc called isolation is lands or iso- 
figure. I ' xiiis' s due 10 lbc ^ acl bccausc tbc y arc separated by 
luted rC *‘°' |^ ac k P-N junctions. The purpose of isolated regions is 
two back 4 - ca | isolation between difierent circuit components, 
to allow c *- ^ nQte( j t hat (/') the P-type substrate is always held 

Here 11 r tivc potential with respect to the isolation islands so that 
a t a n ^ J ( j 0 n is reversed biased and (ii) the concentration of 
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acceptor atoms in the region 
between isolated islands is 
generally much higher than 
in P-type substrate to pre¬ 
vent the depletion region 
of the reversed biased iso¬ 
lation to substrate junction 
from extending into P 
material and possibly connecting two isolation islands. 

Step. 3. Base diffusion : In the base difiusion process, a 
new layer of oxide is again formed over the wafer. Now using 
photolithographic process 
new opening are created as 
shown in fig. (4.) The 
P-type impurities (boron) 
are diffused through these 
openings. In this way, tran¬ 
sistor base regions as well 
as resistors, the anode of 

diodes, and junction capacitors (if any) are formed. Here the 
depth of this diffusion is controlled in such a way that it does not 
penetrate to the substrate. 

Step. 4. Emitter diffusion : Again a layer of oxide is formed 
over the entire surface. By making and etching procesess some 
windows arc open in P-type regions as shown in fig. (5). Now 
N-typc impurities (phosphorous) are diffused through these open¬ 
ings for the formation of 
transistor emitters, the 
cathode regions for diodes 
and junction capacitors 
Some additional windows 
such as W| and W 2 are often 

made into N regions to Fig. 5. Emitter diffusion, 

which a lead is to be connected using aluminium as the Intercon¬ 
necting metal. In the phosphorous diffusion a heavy concentration 
(called N + ) is formed at the points where contact with aluminium 
is to be made. 

Step. 5. Aluminium metalization : Using above mentioned 
steps, all P-N junctions and resistors have been formed. Now 
the only problem is to interconnect the various components of the 
integrated circuit as desired. To make these connections, the diffu¬ 
sion windows are closed with silicon dioxide layer and a fourth set 
of windows is opened at the points where contacts are to be 
made. This is shown in fig. (6). Now first of all the interconnec¬ 
tions arc made using a vacuum deposition of a thin even coating 
of aluminium over the entire wafer and then photoresist technique 
is used to etch away all undesired aluminium areas. In this way 
the desired interconnections are made as shown in fig. (6). 



Abs/stor Aooae of frse 



P tyoe Sodsfno/e 


Fig. 4. Base diffusion process. 





P fype sotsfro/e 


Fig. 3. Isolation Diffusion. 
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Fig. 6. Aluminium metallization 

27-4. BASIC PROCESSES USED IN MONOLITHIC 
TECHNOLOGY : 

The aim of this article is to discuss the different processes used 
in monoliThic technology. Here we chall d.scuss these processes 

0,16 m Epitaxial growth : The word epitaxial growth is derived 

S3S KA a S'JM 

describe'the ephaxial growth of pure silicon is the hydrogen redo- 
ction of tetrachloride ; )WC 

Si Cl,-i 2H ; v=* Si + 4HCI. 

S"rX&“S!K!E 

Fig. (7) shows the diagrammatic representation of a system 



Pig. 7. Apparatus used for epitaxial growth. 
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for production growth of silicon epitaxial layers. The apparatus 
consists of a long cylindrical quartz tube which is encircled by a 
radio frequency induction coil. The silicon wafers are placed on a 
rectangular graphite rod called a boat. This boat is inserted in the 
reaction chamber a special type of furnace) where the gra¬ 
phite is heated inductively to about 1200°C. At the input of reac¬ 
tion chamber a control console permits the introduction of various 
gases required for the growth of appropriate epitaxial layers. Sili¬ 
con and dopant atoms from the vapour skid about on the surface 
of the growing epitaxial film until they find a correct position in 
the lattice and become fastened into the growing structure by 
interatomic forces. 

The important features of the epitaxial process are as follows: 

(i) The atoms of newly grown layer are arranged in single- 
crystal fashion on the single crystal substrate. Moreover, the lattice 
structure of the newly grown layer is an exact extension of the 
substrate crystal structure as shown in fig. (8). 
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Fig. 8. Single crystal silicon substrate. 


(ii) The impurity concentration in epitaxial layer may be con¬ 
trolled within wide limits and complex impurity profiles may be 
grown. 

(2) Masking and Etching : In monolithic technique a selective 
removal of Si0 2 to form openings through which impurities may 
be diffused is required. For this purpose photolithography is used. 
This process is shown in lig. (9). The following steps are followed. 

(i) The wafer is coated with a film of photosensitive emulsion 
(such as kodak photoresist KPR). 

(ii) A large black and white layout of the desired pattern of 
openings is made and then reduced photographically. This mask 
(negative or stencil of required dimensions) is placed over the 
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photoresist as shown in fig. (9a). Now the photoresist is; exposed 
to ultraviolet light through the mask. Due to ultraviolet light, the 
photoresist becomes polymerized under transparent regions of the 
mask. 

, D Ao/ores as / 



(6) (C) 


(a) Masking anil exposure (6) Photoresist (O After etching 
to ultraviolet radia- after devo¬ 
tion. lopment. 

Pig. 9. 

fiii) The mask is removed and the wafer is developed by using 
a chemical like trichloroethylene. The chemical dissolves the 
unexposed or unpolymerized portion of KPR and leaves the sur- 

face pattern as shown in fig (9/»). 

(iv) The unremoved emulsion is now fixed and becomes resis¬ 
tant to the corrosive etches used next. . 

(v) The chip is immersed in etching solution ofhydro-fluoric 
acid This removes SiO. from the area through which diffusion 
has to occur Here it should be noted that the portions of SiO. 
which are protected by photoresist are not affected by the acid. 

(vi) After diffusion of impurities, the KPR mask is removed 
with a chemical solvent like ho. H.SO. and by means of a chemi- 

cal abrasion process. . . ... . 

(3) Diffusion of impurities : The d.fius.on of impurit es i nto 
. rL n rhin k the most important process used in the fibncation 
oHnlegrat^circtiit'. 6 "lTie process is carried ou, in the following 

,W ° !ft P The first step is called d'posMon. In deposition process 

,h e s Ln slice is heated in the impurity dopant vapour so that a 

£h concentration of dopant atoms ,s formed on ns surface. 

The second step is called diffusion step In the diffusion 

Vu Ar.L nt deDOsited silicon slice is moved to another furn- 

S ‘ CP hire it is heated to a higher temperature. Now the dopant 
ace where 11 h The dep(h of penctrall0n 0 f diffusion 

“‘'rTthe concentration within the slice depend on time, tempera- 
f" d ‘^e kind of dopant and its original concentration. 

When a P type impurity is diffused into the surface of N-type 
.."ha wav that the density of P-typc atoms exceeds the 
Snal density of N-.ype atoms in slice, the surface w.ll be 
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changed to P-type. A P-N junction is formed a small distance in 
from the surface where the density of diffused P-type atoms equals 
the original N-type density. It is also possible to make a second 
diffusion into a region that has been formed by first diffusion. In 
the second diffusion the impurity concentration should be greater 
than that produced by first diffusion. Again a second P-N junction 
will be formed. The combined result will be a NPN structure. 

(4) Isolation techniques : In the fabrication process it is 
necessary to employ some means by which the components may be 
separated electrically. This is due to the fact that the resistivity of 
silicon is low which results in low impedance paths between the 
components. The diode isolation and oxide isolation arc commonly 
used for this purpose. 

In diode isolation, the components arc surrounded by a reverse 
biased P-N junction. Fig. (10) shows the electrical isolation of 




A/ 


p ' type stz&s/zate 


3 


(") N-type epitaxial layer grown 
over substrate is oxidized. 


yz/z///////////// wnkv////////. 


A/ 


A 7rpe soOstrote 


(6) Windows arc opened on oxide 
by photoresist prccess. 




-'Z/ZZ/SV//V, 


A type &/6s froze 



(d) The surface is again rcoxidised. 


(c) P-type diffusion taking place 
through windows to join tip 
"ith P-l>pe substrate. 

Fig. io Electrical isolation of integrated circuit elements 
by P-N junction 

M circuit . ele !", l ?' s b > p - N junction. In this process, first 
of Siirn lypc . cpi . ,axia I [ a y er ls grown on a P-type substrate slice 
I s ‘ C j f * nd ln ! h f *" rfac « of lhe epitaxial layer is oxidized as 
r [ ,g - l0 («)- Now the oxide is selectively removed from the 
Affir rl;! ,K rC D he e,e ™ nts are to bc ^ 0rm ed as shown in fig. 10(A). 
nn Zth l , P ty ? e d,ITus,on ,s carried in such a way as to join 
up with P-type substrate as shown in fig. 10(c). Finally the sur- 
face ts reoxidtzed. In this way all the N-regions are separated 
from the substrate by a P-N junction When final integrated circuit 
is operated, each P-N junction is reversed biased by connecting 
the P-type substrate to a potential more negative than any part of 
the circuit. Each junction offers a very high resistance which 
isolates the element formed in N-type region. 

The second isolation technique is oxide isolation. In oxide 
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isolation, a layer of silicon oxide is formed around each clement 

of the integrated circuit. Fig. (I I) shows the oxide isolation. In 
this process, a slice of N-type single crystal silicon is taken and 
deep grooves arc etched in the surface at proper places where ele- 
ments^are 10 be formed as shown in fig. 11(a) Now the whole sur- 
lace is oxidized to form a continuous layer of silicon oxide as 
shown in fill 11 (b). After this a uniform layer of polycrystalline 
£ s deposited on the top of the oxide in an epitaxial reactor 
« shown in fig. 11(c) Finally the slice is inverted and original 
silicon is lapped down so that only the regions between the than- 
m'ls are left Then the N-type areas are completely surrounded by 
layer of oxide. The devices can now be deffused into these iso¬ 
lated regions. 



Hllll/IUtiltli, 


Si/iCM o*k/e 


H-Type 


(c) Polycryscalline epitaxial ( d ) Slice is inx cried and lapped 

layer is deposited on the down, 

top of the oxide. 

I i g 11 Showing the electrical isolation by a layer of silicon oxide. 

27 5 MONOLITHIC INTEGRATED COMPONENTS : 

Integrated resistors : A resistor can be formed in a silicon 
f r hv diffusing a suitable impurity into a delined region. I his 
W I f .he resistor so formed depends upon (i) the concentration 
r ^ni.ritv (ii) the dimensions of the region at the surface, and 
° f \ the depth to which the impurity is diffused in. In the fabrica- 
(l " nf integrated resistors, P-type base diffusion is most comm- 
ll0 1 n . d although N-type emitter diffusion may also be employed. 
K? y i resistors in integrated circuits are formed at the same time 
• h* P type transistor base region. The delusion layers are extre- 
as , so that it is more convenient to express the resistivity of 
flayer interms of what is called as sheet resistance R s of the 


layer. 

Sheet resistance : 
material resistivity (P). 


Consider the case of a sheet of resistive 
of length L and width w equal in length as 
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shown in fig. (12). As shown in fig. (12), the resistance of this 
conductor in ohm square for the direction of 
current flow is given by 


- p h=t 


...(I) 


Ly y 
where y is the thickness. 

Equation (1) shows that Rs is indepen¬ 
dent of the size of the square and depends 
only on the resistivity of the material and 
the thickness of the layer. In order to design 
a resistor of 100 ohms from a material of 
10 ohms/square, we merely put 10 
squares in succession and make contict to 
the ends. 


The construction of base diffused 
resistor is shown in fig. 13 (a). Figure 
13(6) gives the top view of the same. 
The total resistance is given by 



Fig. 12. Sheet of 
resistive material. 


i 1 


R 


P -=R S - 
1W w 


...( 2 ) 


uni/iiinwr/i WfMW/MNM M/r///////////> 


' P-ftes/s/or 
A/SsoJotiw fiegw 


where L and w represent length and 
width of diffused area respectively. 
Consider a base diffused resistor strip 
2 mils wide and 10 mils long. The 
strip contains 20 (one mil by one mil) 
square and its resistance is 
R S X 20=200x20-4000.0. 


P- type sudsPefe 


(*) 



□ 


iz- 




T 


□ 


Fig 13(a) Cross sectional view. 
(/>) Top view. 

Corrections for the end contacts are usually included in calculation 
of R. 

Values of monolithic resistors : Since the sheet resistance of 
the base emitter diffusions is fixed, hence only variables available 
in the design of defused resistors are : (i) the strip length L and 
(ii) the strip width w. Strip widths of less then one mil is not nor¬ 
mally used because with iv=I mill a line width variation of 0 1 mil 
due to mask drawing error or due to mask alignment or due to 
photographic resolution error may result in 10% resistance tole¬ 
rance error. In practice monolithic base diffusion resistors have 
values from 20Q to 30 A'ft when high values of resistance are 
required, an alternative to increasing the strip length is to reduce 
the P-type thickness and effective concentration by deffusion into 
it an N*type region at the same time as the transistor emitter diffu¬ 
sion. This method is however more difficult to control than increa¬ 
sing the length of the strip. 

Equivalent circuit : Fig. (14) shows the equivalent circuit of 
a diffused resistor. This circuit includes (i) parasitic capacitance 
Ci of base isolation junction, (ii) parasitic capacitance C 2 of isola- 
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4. (a) Describe a phoioetching process. 

( b) How many masks are required 10 complete an IC ? List the function 
performed by each mask. 

5 Explain how isolation between components is obtained in an IC. 

6. Define sheet resistance. What is order of magnitude of this resistance 
for the base region and for the emitter region ? Sketch the cross section of 
an IC resistor. 

7. Sketch the cross-section of a junction capacitor. Draw equivalent circuit 
showing all parasitic elements. 

8 Sketch the equivalent circuit of a base-diffused resistor, showing all parasi¬ 
tic elements. What must be done externally to minimise the effect of 
parastic elements ? 

9. How will you fabricate an NPN transistor ? 

10. Draw different integrated diode configurations. Which configuration 
is having <i> highest junction capacitance, (ii) highest parasitic effect, 
(jiij highest leakage current and (iv) highest storage time ? 

Select correct answers of the following questions ; 

11. In a monolithic integrated circuit - 

, 0 , All circuit elements are formed in a single wafer of semiconductor 
material. 

ib) Each circuit element is fabricated as a separate wafer 
(r) Active circuit elements are assembled as separate wafers. 

(Ans. (a)j. 

12. Photomasking: 

(a) Controls the depth of diffusion. 

{f>l | s usC d in proccess to remove selected regions of silicon oxide. 

(<•) Reduces the size of the circuit elements. [Ans. (6>). 

13 Transistors of monolithic integrated circuit : 

Use the isolation junction as the collector junction. 

( /,) Arc made as separate wafer. 

(r) Arc similar to discrete planar transistors, but have the coltctor 
contact on the top surface. (Ans. (c)J. 

. . Capacitors for integrated circuits : 

‘ «/) Can be made using silicon oxide as the dielectric. 

Arc not possible. 

(c j can not be made using diffusion techniques. 


I Ans. (</)) 




LINEAR INTEGRATED CIRCUITS : OPERATIONAL 
AMPLIFIER (OP-AMP) 


Basically operational amplifier consists of a very high gain d.c. 
amplifier with feedback, having high input impedance, a low out 
put impedance, and acting as a differential amplifier. Operational 
amplifier, originally used “to perform mathematical functions such 
as addition, integration, differentiation etc. in analogue computers 
are now put to a variety of other uses, e.g., as comparator, pulse 
generator, square wave generator, Schmitt trigger etc. 

These days operational amplifier uses integrated circuit tech¬ 
nology and is referred to as basic linear or analogue integrated 
circuit 1C OP-AMP arc widely used as they possess all the merits 
of monolithic integrated circuits, e.g., small size, low cost, high 
reliability, low offset voltage and current, and temperature track¬ 
ing properties. 

28 1. BASIC CONCEPTS : 

As stated earlier, OP-AMP is basically a difference amplifier 
whose basic function is to amplify the difference between two in¬ 
put signals. The advantage of using differential amplifier in OP- 
AMP is its rejection capability of unwanted signals. 

Ideal Operational Amplifier : The ideal operational amplifier 
is shown in fig. (1 a) and its low frequency equivalent in fig. (I b). 
A signal appearing at the negative terminal (1) is inverted at tne 
output and is called inverting terminal while a signal at the positive 
terminal (2) appears at the output without any change in sign and 
is called non-inverting terminal. In general, the output voltage is 
directly porportional to the input voltage which is difference of P, 
and V 2 i.e. V i = V»—V l . {-A) is the voltage gain of the amplifier. 

Ideal OP-AMP has the following characteristics : 

(i) Input impedance 

Z,= co 

(ii) Zero output impedance 

Z 0 =0 

(iii) Infinite voltage gain, 

A = — cc 

(iv) Infinite bandwidth, B\V= x 

(v) Perfect balance, V o =0 when K 2 =Ki 

(vi) Zero drift, i.e., characteristics do not drift with tempera¬ 
ture. 
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Fig. 1 (a) 1—Inverting terminal. 

2—Non inverting terminal. 

Vt — Input voltage (= V t — V x ) 

—Voltage gain under load conditions. 




Fig. I (*») Low frequency equivalent circuit of OP-AMP. 

A '—Open circuit voltage gain. 

Basic Inverting OP-AMP : 

Circuit diagram of basic inverting OP-AMP is shown in fig. 2 ( a, 
and it* equivalent is shown in fig. 2 16 ;. In this mode of 
‘ r ation, the positive input terminal of the amplifier is grounded 
°nd the input signal is applied to the negative input terminal 



Fig. 2 (a). I—Inverting terminal. 

2-Non-inverting terminal. 
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1-1=7 



L * 

|-'\AAAAA-Og—VWvV—<j> 


+ 


1=0 


I 


4 

l 

i- 


-±- 

V 

Fig. 2. (b) Equivalent circuit: Concept of virtual ground in OP-AMP. 

Virtual ground exists at G. 

through impedance, Z x . The feedback applied through the impe¬ 
dance, Z 2 . from the output to input terminal is negative. Feedback 
impedance, Z 2 and input impedance. Z u determine the inverting 
operation of the amplifier as we shall infer from eq. ( 2 ). 

As OP-AMP is considered as ideal, it will have infinite voltage 
gain, A. But 

mi 4; 

Therefore with finite value of F 0 , the output voltage, gain A can be 
infinite only if input voltage, V i% is zero. The negative feedback 
from output to input through Z 2 serves to keep the voltage V,, at 
zero. Thus terminal, I, will be at the potential of terminal, 2. As 
terminal 2 is grounded, terminal, 1, is thus virtually grounded, and 
no current (/'= 0 ) flows from input terminal, 1 , to input terminal 
2. Current / flowing through Z t will also flow through Z 2 (since 
input impedance of an ideal OP-AMP is infinite, Z/*cc). Thus 

Current through Z\=I- ^ s ^ 


Current through Z 8 =/= 
so that 


Z, 

Vi-Vo 

Z 2 


V S -Vi V‘-Vo 

Z, “ Z 2 


or 


Z 2 


Vi 

Z 2 


Vi 

Z, 


Vs 

Z, 


But 




A — -~ so that V,= — ~ 

r i A 


Putting in above equation we get 

_L\ L* 

V A\Z t + Z,J Z, 


...( 1 ) 
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represents the resistance of P-type diffusion layer. Here two things 
should be remembered i.e., (i) to minimise the parasitic capaci¬ 
tance C 2 , the P-type substrate should be at most negative potential 
and (ii) the junction J> should be reversed biased so that capacitor 
C 2 may be isolated from the rest of the circuit. 

Thin film M OS (metal oxide semiconductor) capacitors : Fig. (16) 
shows the MOS capacitor fn fig. 16 (a), the cross sectional 
view is shown while in fig. 16 (6). the equivalent circuit is shown. 
Basically a MOS is a parallel plate capacitor with Si0 3 as the 
dielectric. An N + region is diffused into the silicon at the same 
time as the transistor emitter diffusion to form the bottom electrode 
of the capacitor. The controlled thickness of silicon oxide is 
formed on this surface of this region to give the dielectric. The 
top electrode consists of a layer of metal (aluminium) deposited at 
the same time as the interconnection pattern. For oxide thickness 
of 500A, the capacitance is typically 0*3 PF/mil 2 and varies inver¬ 
sely with oxide thickness. 



(a) Cross-sectional view. (b) Equivalent circuit. 

Fig 16. MOS capacitor. 

27 6. TRANSISTOR OF MONOLITHIC INTEGRATED 
CIRCUITS : 

Transistors of monolithic integrated circuits arc formed in the 
epitaxial layer by successive diffusions. First of all an epitaxial 
layer (N type) is formed on the substrate (P-type) and then it is 
covered by an oxide layer about 1 micron thick. The oxide layer is 
than coated by a photosensitive material and exposed to light 
through a mask. The regions where the photosensitive material 
is exposed harden on developing while regions not exposed are 
comparatively soft. When this surface is exposed to hydroflouric 
acid the oxide layer not protected by the hardened photoresist, 
gets dissolved forming windows in the protective oxide layer. The 
crystal is now exposed to a third group impurity at high tempera¬ 
ture. The epitaxial layer is now divided into a number of islands. 
The N-type epitaxial islands are isolated from one another by two 
reversed biased junctions NP-PN. Transistors are now formed in 
the islands by repeated diffusion One island is masked and boron 
is diffused in to form the P-type base region The impurity extends 
to about 10 microns having about 10 microns thick N layer below, 
which functions as the collector. After base diffusion, the crystal 
is masked again and phosphorous is diffused in to form the high 
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concentration N+ type emitter region. At the same time, another 
N + region is diffused into N-type collector region so that a tow 
resistance contact to the collector region can be made Monolithic 
nlaner epitaxial NPN transistor is shown in fig. (17). bince tne 
anode ofthe isolation diode covers the back of the ent " e ***"•.'‘ 
is necessary to make the collector contact on the top as shown in 
fie (17 The isolation d.ode of this transistor has three undesira¬ 
ble effects They a parasitic shunt capacitance 

in the collector, (ii) it provides a leakage current path and (ill) the 
collector contact a. the top increases the length of the collector 
cu rent path and hence increases the collector resistance All hese 
undesirable effects are absent in discrete planer expuaxwl transisto • 
The discrete planar epitaxial transistor is shown in fig. (18). 

this transistor collector contact is made at the bottom of the N 

iutetratc Here it should be remembered that although discrete 
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f/rr/ttcr contact 
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entttr CcrtoCf 60 SC CC^tOif 
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OtWno 

Fig i7. Monolithic integrated 
circuit NPN transistor. 
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Fig. 18. Discrete epitaxial 
transistor. 


—— 

• i transistor is superior to monolithic epitaxial transistor 
epitaxial ns P superiority of monolithic epitaxial 

bUl 'Tr nver diTcrc.c epitaxial transistor. The mam super.o- 
transistor ove cd tr P nsjs|ors are | 0 , alc d physically together 

" { y ; h ( '{ r electrical characteristics are closely matched. 

3,1 The collector scries resistance in monolithic epitaxial transistor 

mav be reduced by placing a 
may . j k.i ri.-il Inver 


heavily doped N* buried layer 
sandwiched between the P-lype 
substrate and N-.ype ep.iaxial 
collector as shown in fig. (W 
The buried layer may be 
formed by diffusing the N 
,orm . * p.tvDC substrate 

lay f Cr the N-type epitaxial collector is grown This layer may 
b . cf0 he obtained by selectively growing the N* type layer using 
masked epitaxial technique. 

27 7. MONOLITHIC DIODES : 

Integrated circuit diodes arc formed by making use of the 



Fig. 19. Transistor with buried layer. 
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basic structure of integrated N-P-N transistor. Although five diffe¬ 
rent structures are possible but the following three configurations 
are widely used : 

(i) Using the emitter base diode with collector short circuited 
to base shown in fig. 20 {a). 

(ii) Using the emitter-base diode with collector open as 
shown in fig. (20 b). 

(iii) Using the collector base diode with emitter open (or not 
fabricated at all) as shown in fig. 20 (c). 



Fig. 20. (a) Emitter-base diode with collector short circuited to base. 

(b) Emitter-base diode with collector open. 

(c) Collector-base diode with emitter open. 

Depending upon the circuit requirement, any configuration 
out of the three may be fabricated. 

In configuration 20 (a), the collector and base regions are 
connected together. Here no charge can be stored in the collector 
t-ereg IO n.There is a Urge stray capacitance from anode to 
s nsirate. Since base-emitter junction is used, the breakdown 
voltage is low. The configuration 20 ( b) has a low breakdown vol- 
oge due to ow resistivity required for the emitter of the transis- 
, ft; ag u c currer ! 1 path Rb-e and junction capacitance C B -e 
.. r ia 01 bas . c emitter junction alone. The voltage drop in 

f . ^ ^ rwar d direction is mostly caused by the series resistance in 
the base region. 

lowI"tr figUrali0n f 2 ° ^ C ) P rovidcs h, ’gh breakdown voltage and 

tivitv nf fh . CU i» rCnt ° f lhe base-collector junction. The high resis- 

tht* Hnafi C ^ 0,,cclor . re gi° n and the additional charge stored in 

l H 0 ,ln k base-emitter junction increase the switching time 

savino - rab y ' ,s P°ssible to omit the emitter diffusion, thus 
saving space. 


EXERCISES AND PROBLEMS 

1. What are chc advantages of integrated circuits over conventional circuits ? 
What are their drawbacks ? 

2. List the different steps involved in fabricating a monolithic integrated 
circuit. 

3. Name and explain different processes involved in the fabrication of mono¬ 
lithic integrated circuits. 
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where V d is the differential input. Thus output is directly propor¬ 
tional to the difference, V t , between two input voltages V, and V t . 
In this case we note that : 

(i) there is no virtual ground at the input to the amplifier in 
this circuit, and 

(ii) the feedback in the circuit forces e x to equal e 2 , t.e., 
amplifier operates in such a manner astomaintainnear zero vofis 
between the input terminals. Thus if «,-IOOA ohm, R t 
ohm, P 2 =+3I volts and F, = + 3 0 volts, then 

^.= ! ^X x(3 ' , “ 3) =,0vo "- 

There are three modes of operation of differential amplifier : 

(1) Single ended mode : The operation in which either V,ot 
V, is zero, is called single ended mode of operation. If K, 0, 
the differential amplifier operates in non.nverling mode and if 
y.,=z0 then it operates in inverting mode. 

(2) Differential mode : In this mode, the two input signals 
are equal but of opposite polarity at every instant of time. 

(3) Common mode : In this mode, the input :signals artt .dent,- 

mode input signals produce no output voltage. 

Emitter Coupled Differential Amplifier: Fig S(b) shorn the 
basic form of differential amplifier It consists of a pair. of 

transistors O , and Q* connected to a common emitter resistor 
TKi> current through this common resistor is called as 

K .’-.nlS “ X.«t ™ i" K r. ."d r. »nd 

y is the Noltagc between the two collectors. 



* 
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d.c. analysis of a differential amplifier : The d.c. equivalent 
of fig. 5 (l>) is shown in fig. 5 (c). The differential amplifier uses 
emitter bias. The top of the emitter resistor is an approximate 
ground point so that full supply voltage. V EE appears across R E . 
Therefore d.c. tail current is 



Total current divides equally between two transistors as they 
are identical. That is, d.c. emitter current in each transistor is 
half the total current, 



Further to a close approximation 7 c=/e. In fig. 5 (c) d.c. 
voltage from the collector of Q x to ground is equal to 

Vci= Vcc—IcRc 

where l c Rc is the drop across collector resistor. Similarly 
Vet— Fee —IcRc 

so that 

F 0 =F Cl -Fe,=0 

That is, d.c. output voltage is zero. 



Fig 5 (c) 

a c. analysis of differential amplifier : Refer to fig. 6 (a). When 
the two halves of differential amplifier are identical, output vol¬ 
tage is zero. If V x > F 2 more collector current will flow through 
the transistor Q x so that polarity of F 0 will be negative at Q,. 
Fig. 6 ( b ) is the equivalent circuit for differential amplifier. 

To get a.c. equivalent circuit, visualize all d.c. sources to fig. 
6 ( b) reduced to zero. This is equivalent to a.c. grounding the 
Fee supply point and opening the I T current source. Since two 
a.c. sources drive the differential amplifier, we have to use super¬ 
position theorem to obtain output voltage. That is. first we shall 
consider that V x is active and V 2 is off, and then V x is off and V z 
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10 fig. 7 (a)- If ' s atlive and *• is off then C» 
is active. KC ' L ' on emitter (CE) amplifier so that an inverted 

acts h . ke 3 arsTits collector. This a.c. voltage is between collec- 
signal appears sjncc ^ currcnt sourcc , s open to a.c., the 

tor of Q i and fe wi ,| fl ow into the emitter of Q t . Q % there- 
emitter c “ r £" 1 * on base (CB) amplifier and an inphase signal 
fore acts iikc w co || cctor . Thus output voltage taken between 
appears at * w ill be the algebraic sum of two equal and 

collectors o! * he oulpu t has twice the amplitude. The con- 

oppos'tc sine ' ’ fcc acling alone is 
tr.but.onoftir Vq (\)~AV x 

r . r,P 7 (b). Vi is made active while V x is off. Now 
Now refer to arnp |jf, er and Q x like a CB amplifier so that 
Q 2 acts like a $ af lhe co || ec tor of Q 2 while inphase signal 

inverted signal 
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Fig. 7 {b). 


appears at the collector of £?,. The contribution of second source 
acting alone is 

r.(2)=-AV t 

Applying superposition theorem, when both sources act simul¬ 
taneously 

Vo=Voi\)+Vo(2) 

= AV l — AV t (two inputs) 

Let us draw the circuits showing different modes of operation. 

(I) Differential input : We can drive the differential ampli¬ 
fier with a signal between the bases as shown in fig. 8. Here 
Vi—V x — V % so that V 0 =AV,. 5 



or 


or 


K 

Vs 


Z, 


K( 


1 + 
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Ko [i + i(i + i)] =_ zf 

z, i_ 

1)] 

wh ere - =A, is called closed loop amplification (with feedback) 

while A is called open loop amplification (withou. feedback). 

Let us approximate the values of the two terms on right hand 
side of above equation (I). V a is typically 10K maximum ^ 
alleast II.'. Z t and Z, are often in megaohm range (never less 

lhan 10 AT/2) Thus 

VJ II \ nli/J_ + l^ = -2xlO-’ 
fi rsl 10 4 \I0 4 10 4 / 

Vs — *0 _|Qy |0~ 3 

second term ——~ 10 4 

Wc can then neglect first term in comparison to second term in 
eq. (1)10 wri,e 

V u _ Vs 
Z: Z, 

K__h, .-( 2 ) 

or y s ~ Z , 

and is true so far as gain A is high enough. 

Herc ^ is referred to as the closed loop gain of the inverting 

amplifier- .i. '"gSES*,. e bC o C u a , U p S u. ‘K, ftlSK 
^ V put SeS U clll^y 0 d , cpc P n U d* V 0 O n?^ VaUo of feedback impedance, Z 2 

and 7pu> 'Impedance ': Since K.-O due to feedback, we have 

Z.^f =z, 

Which predicts that input impedance of the amplifier depends 
only on the external impedance 

..nuance • It is defined as the impedance seen at the 
" Amplifier when the input terminal is set equal to 

i U m U ‘ For ‘deal OP-AMP it is »ro. 

“ ’ , have observed that in inverting OP-AMP circuits : 

JTclrn-n, into each input terminals of the amplifier is zero, 
(0 difference between input terminals is zero, and 

[JJ, ^virtual short circuit exists at input terminals. 



970 


Hand Book of Electronics 


Practical inverting OP-AMP : Let us consider an amplifier 
which does not satisfy the above conditions of /t=co, Z/=co and 
Z 0 =0 of ideal OP-AMP. Let us take that 


A ^ co. Z/^ co and Z 0 ^0. 

Small signal model of practical inverting OP-AMP is shown 

in fig. 3. Using Miller's theorem, effect of feedback impedance, Z 2 , 

on the input and output of the amplifier is accounted by replacing 

Z z A 

it by two impedances, viz. -—across the input and 

(1 —A) —i; 

across the output. 



Z, is not shown as it has been accounted. 
We can show that for such a circuit 


and 


Vs 


-z*/z, 

■Si 


i('+!+!)- 


Vo A'+Z 0 IZi 

Vi i +z 0 /z* 



If Z 0 =0, l.e. loading is effectively removed, then above rela¬ 
tion gives that A'=A. If | A' | ->co then | A | -»cc so that from 
eq. (2), we have 


Vs Zi 

which is same as eq. (2). Thus for hign gain OP-AMP output 
voltage is 

si 

which clearly shows that output is dependent on ratio ZJZy Thus 
feedback impedance Z 2 and input impedance Z x determine the 
precision of the operation to which this amplifier is put. 

Practical Noninverting OP-AMP : In noninverting OP-AMP 
output is equal to and in phase with the input voltage. Like an 
emitter follower, here the source and the load are effectively 
isolated , i.e., Z t = co and Z 0 =0. As input impedance Z/=co, no 
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current flows into either input terminals of the OP-AMP. That is 
/, = 0 and I>= 0. The circuit diagram is shown in fig. 4. The in¬ 
put signal. Vs, is applied directly to the non-inverting terminal 2, 
so no phase inversion results at the output. Some of the output is 
fedback to the inverting input providing effectively some voltage, 
y lt at the inverting terminal of the same polarity as at the non¬ 
inverting input. 


Z 2 -yP 2 



Fig. 4. Non inverting OP-AMP. Feedback impedance 

Z 2 = Ri and input impedance Z X ^R X . Output 
voltage follows input voltage V 0 ^V S and V,*=0. 

With Z, = *>* A- — oo and V 0 =A{V X — V s ) we conclude that 
for finite Vo (while A is infinity). 

V x -V s - 0 or V X = V 5 

Thus like to the case of inverting amplifier, here again input vol- 
1 y tmV^Vs) is zero but since P,*0, noninverting OP-AMP 
ns no virtual ground at either one of its input terminals. As the 
current into the input terminal, I x = 0, we conclude that current, /, 
through R x will also flow through R t , we have from fig. 4 that 

Mra;) 

or Ks=/t, (*Tf/F.) 

Ri+Ri _i , Rj . 

or V s R x ” ' r R x 

Thus we find that output is dependent on the ratio (R 2 /R t ). 
jf o =oo. than K 0 =^ i e. output voltage follows the input 
voltage, i.e.y OP-AMP circuit acts as a voltage follower. We have 
thus observed that in noninverting OP-AMP circuits : 

(/) No current flows into either input terminals. 

(/V) The voltage at the two input terminals to the amplifier 
are equal (Pi= ^s), and 
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(Hi) Since V t =V s , the amplifier is said to be operating with 
some common mode voltage at its input terminals because some 
voltage is common to both terminals. Thus there is effectively no 
voltage drop at the input terminals as V x follows V s . It implies that 
effectively an open circuit results between input terminals. 

28*2. DIFFERENTIAL AMPLIFIER : 

In fig. 5 (a) circuit of a differential amplifier is shown. This 





Fig. 5(o) 


amplifier provides the gain for differential input (K 2 -F,)and 
rejects the input voltage common to both. The voltage e 2t at the 
noninverting terminal, 2, remembering that input current to the 
ideal amplifier is zero, is given by 


-(Tsrsrh 


Here R*I(R\ + R«) is termed as the transfer function T(S) of the 
network involving R, and R : at the terminal 2. Similarly by the 
principle of superposition, the voltage at the inverting input termi¬ 
nal, 1, is 

(«&) * 

since the input current to the ideal amplifier is zero. 

As the potential difference between two input terminals is 
forced to zero by the feedback through /?», we have e\—e 2 \ that is, 

(rt+k) Vi+ (rttr;) Ko= Ut3t) k - 


R.VJrR.V^R-iVt 


Hr* 
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Fig. 8. Differential input. Fig. 9. Single ended input. 

(2) Single ended input : Circuit is shown in fig. 9. Only half 
the available output vdltagc is used, the voltage gain drops in half 



(3) Common mode input : The same signal is applied to both 
inputs as shown in fig. 10. If each half of the differential ampli¬ 
fier is identical, a.c. output voltage will be zero. Common mode 
input signals are used to test how identical the two halves of the 
amplifier arc. 



Fig. 10. Common mode input. 

Common mode rejection ratio : To express how successful a 
differential amplifier is in providing gain for the differential input 
(the difference between two input voltages) and rejecting the 
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conmon mode signal (the voliage commcn lo both), a factor called 
common mode rejection ratio is defined as 5 

CMRR*4~ DifferentiJjai^ 

A c Common mode gain 

Alternatively the common mode rejection may be expressed 
in decibels as 

CMR=20 log CMRR 

=20 log ( AjIAc) = 20 log A d -20 log A c ...(1) 
To explain more about CMRR , let us show a linear active device 
with two inputs K, and V« and one output V 0t each measured with 
respect to ground (fig. 11). In ideal differential amplifier, 

y.=A d (v i-Fy 

= AdVd 

where Ad is the differential gain of the amplifier (i.e. gain for 


V,o - 

L/neor 


active 

1/ n 

device 




Fig. 11. 

differential input V d ). Ideally a signal common to both inputs 
produces zero output but in practical differential amplifier, output 
depends not only on difference signal, V d but also on the average 
signal (called common mode signal V c ) t where 

^ = (^T"') and v ‘= v '~ v - 

giving 

V x =Vc+\Vd I (2) 

and V*=Vc-\Vd\ *“ U 

Suppose Ai is the voltage gain for input K, with V 2 grounded, 
and A 2 is the voltage gain for input V 2 with V x grounded then we 
can express output as a linear combination of two input voltages, 
/.e., 

V ^=/fiK, + /f2l / 2 
=A x (V e +\V d )+A t (V'-\V d ) 

=HA t -A t ) Vd+{A>+A t )Ye 
=AjVd+A c V c 

where Ad—\ {Ax-A*) and A c =(A l +A i ). 

If we put ^,=0-5 volt, V« — —0*5 volt, then 

Vj=V,—V t =l 0 volt and 

Y 0 =AdVd+A r V c =Ad 


so that 
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That is, output voltage will directly give A d . Similarly, if we 
put 

V x = 1 volt, V 2 = 1 volt then 
V d =V l -V,=0 and V e =^±^=l O volt. 

so that Vo=AjVj-\-A e V e =A e 

That is, in this case output voltage will provide directly the 
volue of A c . Thus we can determine both A d and A c and find 
CMRR. For better performance of the differential amplifier A d 
should be large and A c should be zero, /' e.. CMRR should 
approach infinity. In other words, larger the value sf CMRR, 
better is the differential amplifier. 

Let us find total output voltage and CMRR in fig. 5, if voltage 
<*, = 1-3 mV, e 2 ~ 1'5 mV, A d = 1200 and A,- 2M4. It is given by 

V 0 -A d V d +A, V e 

(^ L ) 

= 1200 x (I-5-! -3) x KH+2-14 (l ' 3 + IS j x 10- a 
=0-24 + 0-003 = 0-243 volts, 
and -S60. 


Also if in fig. 10. V, (CA/)= 10 volt, A = 100, P o (CA/)=00l 
volt, then for such an amplifier 

100x1 


so that 


CMRR- ^ MCA/) 

CMRR- Ac V, (CM) 

CMR — 20 log 10 4 =80 db. 


001 


10 4 


28 3. A GENERAL PURPOSE IC OPERATIONAL 
AMPLIFIER : 


A popular monolithic circuit of differential operational ampli¬ 
fier is shown in fig. 12. It consists of 

(i) Darlington—connected NPN transistors (0, and Q 2 ) for 
high input impedance; such stage can provide input impedance 
of 10 to 20 MQ. JFET device offers another approach to obtain 
high input impedance, and low bias current for input stage. 

(ii) Two differential gain stages with a single ended emitter 

follower output (Q. i, Q\)- 

Effect of grounding A and giving B a positive voltage : Then 
point Y will become less positive so that Q t will conduct more 
and in effect will make the point Z less negative Consequently, Q c 
will conduct less so that output will rise to some positive value. 
This will provide some gain A x . 
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Fig. 12. Circuit of a monoliihic EC differential operalional amplifier. 

Effect of grounding B and giving A a positive voltage : Then 
point X will become less positive so that Q 3 will conduct more and 
in effect will make the point K less positive. Q 4 will then conduct 
less making Z more negative. Therefore Q 3 will conduct more, 
quite opposite to the previous case when A was grounded. Thus 
the change in voltage at the collector of Q x is transferred to the 
output as a similar negative voltage change which provides some 
gain A 2 . Thus effect of grounding B is opposite to the effect of 
grounding A and if the two voltages are applied simultaneously at 
A and B and if A x =A t then, obviously, the output will be zero. 
But due to slight difference in components, A x will not always 
equal A 2 and so an output will result even though the two inputs 
are identical. The common mode input will be 

y _ V\ + V 2 (if the two inputs V x and V 2 are 

c ~~2 not equal) 

= V (if inputs are equal) 

The ratio of the output to the common mode input is called the 
common mode gain as denoted by A c earlier. However, what 
desired is the differential gain. A,j, of the amplifier (called open 
loop gain) and is the ratio of the output to the differential input 
(J'i'vK,). 

28-4. SOME OPERATIONAL AMPLIFIER PARAMETERS : 

These days operational amplifier has become a universal 
building block for circuit and system design. Thus various 
OP-AMP circuits are in use. To compare their merits, as to the 
performance and design, a number of parameters have been 
defined. Some of them are briefed as follows : 
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(1) Input Bias Current : In an ideal OP-AMP output is 
zero when the two inputs are identical (K o =0if V\ = K 2 ). In 
practice, due to mismatch of input transistor unequal bias current 
flows through the input terminals. Thus input bias current is 
the current flowing into each of the two input terminals when 
they are biased to the same voltage levels or the average of the 
currents into the two input terminals (fig. 13) with output at zero 
volts, is input bias current. That is, 



Fig. II. 


(2) Input Offset Current : The input offset current, /, 0> is 
the difference of the currents into the two input terminals with the 
output at zero volts (^=0). Thus with K o =0. we have 

IiB-Iot-Iot ...( 2 ) 


Input offset current typically lies in the range 20 to 60 mA. 
This current drifts with change in temperature. If A/ <0 is the 
change in input offset current due to the change AT in the tem¬ 
perature, then 

Input offset current drift= £ •• (3) 


(3) Input offset voltage : It is input voltage which must 
be applied across the input terminals to obtain zero output 
voltage. 

in practical OP-AMP, it is found that even if equal voltage 
arc applied to the input terminals, output voltage is not zero (due 
to inherent imbalance in the circuits). To set output voltage to 
zero, we require an input offset voltage, V i% , which typically lies 
in the range I to 4 mV. 

Input offset voltage drifts with change in temperature. If 
£V h is the drift in input offset voltage for a change A7 in tem¬ 
perature, then 

input offset voltage drift=^-^ ...(4) 

(4) Input Common Mode Range : It is the maximum differ¬ 
ential signal that can be applied safely to OP-AMP inputs. 
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(5) Power Supply Voltage Rejection Ratio : It is defined as 
input offset voltage change per volt of supply voltage change, i.e. 

PSRR=^ ...(5) 

(6) Output Voltage Swing (range): It is the maximum peak 
to peak output voltage which can be obtained without waveform 
distortion. Output voltage swing is a function of the supply 
voltage and may range 50 to 80 percent of the supply voltage. 

(7) Full Power Bandwidth : It is the maximum frequency over 
which the full output voltage swing can be obtained. 

(8) Slew Rate : It is the maximum rate of change of output 
voltage for a step input. 

The response of an 
OP-AM F to large change in 
input signal is not as fast as 
might be expected. Suppose 
that a step function of 
large amplitude is applied 
as V, fig. (14). The inter¬ 
nal capacitances of the 
amplifier and feedback 
loop can not change volt¬ 
age rapidly so that a finite 
time is required for V 0 to 
respond to the step input. 

Further as the feedback voltage, applied through R> to input, is 
proportional to V 0 , the feedback is delayed in its return to the 
input, and the amplifier input voltage V lt is momentarily large. 
As a result, until the feedback voltage responds, input voltage Vi 
drives the amplifier into saturation and a distorted output wave¬ 
form appears as a transient. 

Output voltage, Yo. can rise only as fast as the capacitance can 
change or slew in voltage. The maximum possible rate of change 
of output voltage is defined as the slew rate, 5, where 

dVo\ 

dt ) max 



/p 2 



For a sinusoidal voltage 

V 0 = | F 0 I sin wt 

so that 


dV o 

—:— = lO 

dt 


| V 0 I cos U)t 



or 
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so that maximum possible amplitude at a frequency, /, is 

(dVJdt)^ S 


I r.|- 


u> 


<o 


•■•<«) 


This slew rate is determined by the capacitances in the amplifier. 
Further 

(i) as the input is a very fast step of amplitude which is much 
larger than the amplifier can handle linearly, in slew rate deter¬ 
mination OP AMP operates non-linearly. Thus slew rate permits 
us to determine the extent to which the linear range of operation 
of an OP-AMP is affected by the speed of the input signal. 

(ii) as the large step input drives the output abruptly from 
one limit to other, the feedback cannot be effective (slew rate may 
range 50 mV/ps to 5QVlps) and therefore slew rate is rather 
independent of the amount of feedback. 

problem. An OP-AMP has a slew rate of 4P/|tr and peak output swing 
of 10 volts. Find out the full power bandwidtn. 


Full power bandwidth 

S 


(See cq. 6) 


or 


S 4x10 4 K/j 

V 0 \“2 x3*14x 10 


= 83 7 kc/s. 


28 5. EFFECTS OF OFFSET : 

In art. 28 4, we have defined two offset terms viz. offset voltage 
and offset current. An ideal OP-AMP has zero offset voltage and 
zero offset current but a practical OP-AMP has both. The direct 
current amplifiers and integrators arc affected by the input offset 
and offset changes with time, temperature, and supply voltage. 

The equivalent circuit of an OP-AMP with offset is shown in 
jig. | 5. The offset voltage is represented by a battery, V t(i% in the 
input (note that off'Ct is referred to the input of the amplifier and 
because it is independent of the gain of the amplifier, it can be 


^z 



Fig. 15. The equivalent circuit of an OP-AMP with ollset. 
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compared with input signal) and has the same magnitude as the 
input voltage which must be applied to obtain zero output voltage. 

We select few loops and write 

hi) Ri=Ii(Ri tBi)—I d 1 R\ •••(!) 
and Kd = [K/o+Md 2 “^> 2 ) Req]+IiR% •••(2) 

bu. r, 

so that eq. (2) becomes 

V o= Vi 0 —Id 2 Bfq* “f - l\Rz 

or / v *— v t*+h>i 

R z 

Putting /, in cq. (1), we get 

V,- (^-j [Vo- Vi,+b 3 Rc^-b, Ry .-(3) 

or K »=[‘- ( 5; +1 )] =</ ° 2 

or V, = - (I„, R". - J + 1 J + b, R, 

= V/ 0 ^j^+lJ+b l Rt—b 3 Rr,. 

-Mt +I ) +S -Ms+s)] 

We can minimise the effect of input bias current (//> x —/o 2 ) by 
putting, 

*-W(i + i) = ^ ,wegct 

K ° =K '»(S +1 ) +(/o,_/0j) ** 

=K, ®(J +1 ) 47 '- (4) 

(sec cq. 2 art. 28 4) 

Where I, 0 is input offset current. Eq. (4) gives the contribution 
of offset voltage and offset current to the output voltage, V 0 , of 
the amplifier. To counteract the effects of offset voltage and offset 
current, nulling circuits which effectively introduce an input d.c. 
voltage can be applied. Refer to art. 28-1, practical noninverting 
OP-AMP acts as voltage follower if /?, = co and we remove the 
resistance R 2 then Vo = V, 0 , that is, we get minimum output offset 
voltage. 
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Problem. An inverting amplifier has R t -\00KQ, H x = \0KQ. Find 
out the value of resistor which has to be connected between the positive input 
terminal and ground in order to minimise the effect of input bias current 


In fig. 15. this resistor is /?„ 
current, its value is 

R X R. lOOx I0 3 X lOx 10 3 
! /?i+/?*“IOOx 10*+10x 10* 


R„. 


To minimise the effect of input bias 

= 91 K ohm. 


28 6. FREQUENCY RESPONSE AND STABILITY : 

An OP-AMP is required to be unconditionally stable so that it 
will not break into oscillations for any amount of negative feed¬ 
back. The excess phase shift associated with the gain stage leads 
to oscillations. Hence it is necessary to compensate frequency 
performance of the OP AMP circuit in closed loop response. Let 
us sketch a closed loop inverting amplifier (fig. 16) Since /?*->«>, 


4 



no currenl flows into the input terminals of tbc amplifier and the 
".-rent 1 which flows through R, also flows through R t so that 

. Vs—Vi V.-y, 

R, “ R t 


or 


Vs V, . K,-K c 


R,~R< 

= V„ 


[ 


Rt 

v, 

v 0 K. 


(V'/V.)-l 

R : 


] 


Deiining 

y 

+A(w)=+y=-A(io), we have 
Vs _Lp r 1, l+A(io) l 

AMIR i K J 

Vo t ** \( \ 

+ , , R,A(o>) 

\ Ri+Rt / 


or 
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The denominator term 


( |+ £S9 


^1 + ^2 

is the term of interest regarding stability and is defined as the 
loop gain. The gain A(w) is complex, having magnitude as well 
as phase. 


,f T5IW-=^ l,0 ‘ 

that is, it is unity (or greater) in magnitude and becomes negative 
(or the phase angle of A(w) becomes 180°) then K 0 /*V->ao. It 
means we shall have an output signal with no input-a condition 
for oscillations and the circuit no more acts as amplifier This 
oscillating condition is to be avoided. By sketching the Bode 
plot of the amplitude and phase of the loop gain function 
/I(o >)/(versus frequency, it can be determined whether the 
magnitude is greater than zero decibels when the phase angle 
passes through 180° so that amplifier is unstable. Readers will 
find a text on operational amplifier useful for study on frequency 
compensation. 


28 7. APPLICATIONS OF OPERATIONAL AMPLIFIER : 

Some of the applications of operational amplifier, including 
linear analog circuits, are given below : 

(1) Inverting Amplifier acting as a Scale changing, Phase 
shifting; and Summing amplifier : Refer to fig. (2a) art. 281 of basic 
inverting OP-AMP. Its noninverting terminal is grounded, and 
virtual short circuit exists at input terminals. From eq. (2), that 
we have for such amplifier (art. 28-1), we find that if Z,=Z 2 then 
output voltage V n is (— k's), that is, simply the sign of the input 
has been changed. Hence such a circuit acts as a phase inverting 
amplifier, and is called a sign changer or inverter. If two such 
amplifiers are connected in cascade, the output of the second stage 
will be exactly of same magnitude and sign as the input voltage of 
the first stage, though the output of the two stages will be equal in 
magnitude but opposite in sign. The system thus acts as a para- 
phase amplifier. 

Scale changing amplifier : If ^r=n, where n is a real constant 

then wc find from cq. (2) (art. 28 I) that V 0 =—nV s . Thus the 
scale has been multiplied by a factor —For it Z x and Z 2 are 
selected as precision resistors, e.g. Z X =R then Z t —nR. 

Phase shifting amplifier : If | Z, |=| Z, |=| Z | and if the 
phase angles of Z, and Z 2 are different, then the operational 
amplifier shifts the phase of a sinusoidal input voltage without 
affecting its amplitude. Let us write 

I Z. | = | Z | 

and | Z 2 | = | Z | e 19 
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then from eq. (2), art. 28-1, wc have 

y=- |j=e«'-*>=I£(*-«) 

That is, only phase of the input has been shifted through 
-0) to appear as output. 

Summing amplifier : It is the same as inverting amplifier 
except that it has several input terminals. Virtual ground exists 
at the inverting terminal due to feedback and the jnput current to 
the ideal amplifier (as Z,= a>j is zero. Thus current equation for 
the node at the inverting terminal is 



Fig. 17. Summing amplifier. 


Thus output voltage is equal to the negative weighed sum of 
the input voltages. If r,=r,=...=r, then output voltage is 

K -y (K.+ ^+.-. + K.), 

I e the output voltage is proportional to the sum of input voltages. 
Hence the circuit behaves as a summing amplifier. The circuit is 
used widely to form linear combinations of various signals in 
analog computers. An important advantage of this circuit is that 
there is minimum interaction between input sources due to virtual 
ground existing at the input terminals. 

(2) Voltage Follower: Refer to fig. 4, arl. 28* 1 of non- 
inverting OP-AMP. If wc remove R t and /?,=co then from 
equation (4), we have 


l«v« 

Thus output voltage follows the input voltage. Circuits acts as a 
voltage follower. 



988 


Hand Book of Electronics 




Fig 18. Voltage follower. Fig. 19. Voltage to current converter. 

(3) Voltage to Current Converter: For magnetic deflection 
in TV picture tube, it is required to convert voltage signal into a 
proportional current signal. Circuit for such a converter is shown 
in fig. 19. The load impedance, Z L% is floating (neither side 
grounded). Since virtual ground exists at the input terminals, no 
current flows into input terminals and therefore the current,/, 
which flows through /?, also flows through Zl . For a single input, 
V s , we have 

Thus load current, /, is independent of load impedance and 
is proportional to the input signal. It can be used for deflection 
coils. 

(4) Current to Voltage Converter : Circuit is shown in 
fig. 20. In this circuit output voltage is proportional to the input 



current. As there is virtual ground at the input terminals, current 
in R' is zero and input current, I s , flows through feedback resistor 
R>. Output voltage is given by 

' K 0 — is**. 

Thus output voltage is proportional to the input current. C 2 is 
connected to reduce high frequency noise. Such an input current 
can be provided by a photocell or photomultiplier tubes as they 
give an output current which is independent of load. 
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(5) Integrator: In fig. 21, an integrator is shown. It is an 
inverting OP-AMP in which feedback resistor R 2 has been 
replaced by a capacitor, 

C. Feedback through the / U Q 

capacitor forces a virtual If 

ground to exist at the _*./ 

inverting input terminal. + o—WNMA— — 

It means the voltage R / o t 

across, C. is simply the p 2 + v/ 

output voltage, K 0 . We 0 | o (e > 

can write o- 

y„(D=-^+y 0 (0) -f 

=-H > + ™>- Fig ' 21 ' In,e8ra,or 

where F„(0) is the initial voltage. Since input current to the ideal 
amplifier is zero, we put 

/^ 


so that 


M0 =- dl+v ^- 


Thus output voltage is proportional to the integral of the 
input voltage. Initial voltage F o (0) can be set to any desired value 
by introducing additional circuitry. If input voltage is constant 
then 

V _ ¥jlL 

° ~ RC ' 


Thus output rises linearly with time —a ramp. This is called 
Miller sweep (sec chapter on Voltage and Current Sweep Genera¬ 
tors). 

(6) Differentiator : In inverting OP-AMP, we replace input 
resistance by a capacitor to design a differentiator (fig. 22). Be¬ 
cause of virtual ground at the inverting terminal, we have 



Fig. 22. Differentiator. 
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dt 

The output voltage is 

V 0 (/)=-*/« 

= -RC*W 

dt 

Thus output is proportional to the time derivative of the input 
voltage. If input signal is 

Vs (0=1 Vs I sin wt 

then output is 

V 0 (t)=-.-RC | V s \ wCOSojt 

which increases linearly with frequency and the differentiator cir¬ 
cuit has high gain at high frequencies. It thus also amplifies high 
frequency components of amplifier noise. Due to this reason it 
is rarely used in analogue computers. 

(7) Analog Computation : Let us solve the quadratic 
equation 

-g-ffi J(o=o -0) 

where B and C are real positive constants and v, (f) is a given 
function of time. We can put this equation as 

Refer to fig. 23. Wc know that output of an integrator is 

r -~ ei ! Tr'" +F - (0 > 

If time constant of the integrator, RC— I, then 

v »=-\ vdi)*+yj.o). 

Let us assume that input voltage at the integrator, /,, is 



so that output of this integrater, available at terminal 2, is 

ko'=— (taking K o (0) as zero) 

But this is the input of second integrator, / 2> and therefore 
output of it will be 



and will be available at terminal-3. 
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Further A, is a summing amplifier. At its input two voltages 
v,(t) and^ — jj- j are fed. The output voltage will be 

R (dv \ , x 

-R\di) c,(,) - 

This voltage alongwith voltage, r, of terminal-3 are fed to 
another summing amplifier A> so that finally we get as output of 
terminal-4, a voltage 



R tdv\ 
R\dt ) 


+t»i (/) 


= — Ci— Bjf + CtO) 


But according to cq. (?), it must equal which is the voltage 

assumed to have been fed at the input terminal-1. Hence the 
operation is completed by connecting terminal-4 to the input 
terminal-1. Solution of cq. (I) i.e. r is obtained by opening switch 



Fig. 23. /, /, imcgraiors; A x% A % adders At /-0. S x and 
arc opened and S, is closed 

s t and S, and closing Sj simultaneously by means of relays at 
time/-0 and noting the voltage waveform at terminal-3. 

(8) Logarithmic Amplifier : In this amplifier (fig. 24) output 
voltage is proportional to the logarithmic of the input voltage. 
Such an amplifier uses the non-linear volt-ampere relationship of a 
junction. This relationship is given by 

/ u/'Wr II 

If-Ue - 1 ] ...( 1 ) 

where /,=forward current, forward voltage drop, /^satura¬ 

tion current and 

kT 

v r= — , y=\ for G„ and ,=2 for S,. 
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If the operating range of V f is restricted so that 


/'^»i 


then I / =I 0 e VflT,Vr 

or V/=rjV T (log,. //—log, 7 0 ) 

Now 7/=/=^, and V Q = — V h then 

Vo=—n y T (log, ^- s -log, /o) ...(2) 

Thus output voltage, V 0t is proportional to the logarithmic 
of the input voltage, V St provided 7 J, V T and 7 0 are constants 
(ignoring temperature effects). 



(9) Antilogaritbmic Amplifier : Refer to fig. 5. The voltage, 
V u at the noninverting terminal of OP-AMP-1 is given by 




Fig 25. Antilog amplifier. 

Voltage, V», at the output of OP AMP-1 is 

Vt (l0& - //_logf /o) • (2) 
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But also 

V 2 =-riVr (log, / 2 -log, /„) ...(3) 


so that equating cqs. (2) and (3), we get 

^ j Vs—rjV T (log,, //—log,. /#)= — r/V T (log, / 2 —log, / 0 ) 

° r Vs=1,Vt log - (///,i) -< 4 > 

The output voltage at OP-AM P-2 is 

V 0 =I : R, ...(5) 

Putting in eq. (4) for /. from eq. (5) we get 


or 

or 

or 


log 

log 


(*^br) Vs=ri Vt 108 (1/R,IV,) 

P' 1 ** \( *■ . \n. 

{ y, )~\ R,+K t IvVt 

(/7x) = "(*T*)£r 

K=lf Rt antilog [— 

-A', antilog (k t V s ) 



where k t and k. arc constants. Thus output of OP-AMP-2 is 
proportional to antilog of input voltage, V s . 

(10) Astable Multivibrator : The operational amplifier opera- 
tin- as free running (astable) multivibrator is shown in fig. 26. 
In free running multivibrator, there are two states which remain 
momentarily stable and the circuit switches repetitively between 
these two states. OP-AMP enjoys both positive and negative 
feedbacks and has a timing capacitor. C, at its inverting input 
terminal. The output voltage v 0 , is limited by the break down vol¬ 
tage H- V 0 > and - °f l,ie two zener diodes Z, and Z 2 connected 
back to back across the output terminals of the OP-AMP. Thus 



Fig. 26. Ascable multivibra or. 






994 


Hand Book of Electronics 


Vo will be either + V 0t (or or - V„, ( or V~ s j • A fraction /3=* 

of f 0 is fedback to the noninverting input. Thus in 
one state the amplifier output reaches a positive saturation level 
(^o= + ^oj» diode Z 2 ) and in other state the amplifier output rea¬ 
ches a negative saturation level (r 0 = - V (St diode Z,). The output 
waveform is thus a square wave (fig. 27). 
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Fig. 27. Output waveform of free running multivibrator. 

The input voltage, r„ to the amplifier is 
»*« = Ve-0 r 0 

when v, < 0. or v c < p v 0 =P V£ s capacitor, C charges exponen¬ 
tially towards V+ s through a time constant RC. The output remains 

constant at V; s until v c = +pVf s so that v,=v c -pV£ s =*0 /.<?., the 
potential difference between the two input terminals approaches 
zero, and the amplifier output reverses to V' s . Now C charges 

exponentially towards V~ s . Then n=r c -p v 0 =v c +p V+ s . The 

output remains constant at V~ 5 until v e =-p V~ s at which t;,=0 

and the reversal of state takes place. These waveforms are shown 
in fig. 27. 

Charging of capacitor starts from an initial voltage pV~ s The 
continues upto a voltage level pV* 5 . If the charging could have 
continued, it would have reached a final level of V+ s . But as the 



Linear Integrated Circuits : Operational Amplifier ( OP-AMP) 995 


charging terminates at flVfc, the charging period, /,, is given 
by 

V '*s 

t x =RC )og,- 


RC log. 


Ks-P v;* 

y$o-n 


The second charging time from pV* s to -p y os will be 


ti=RC log. 


K s ( i-ft 


jf y* s = y, and V' 5 = -V then /,=/, so that we shall have 
period of one osoillation or time period as 

=/tClog,^+/ l Clog t £^ 

= RC log, +RC log, {1 +P) 


(I-ft 


d-ft 


•••(I) 


2RC log. 


I'+f] 


...( 2 ) 


If 0 is chosen to be 0-473, then 
T=2RC 

so that frequency of oscillations is 

r=±=L- 

J T~2RC 

From eq. (I), we observe that time period is independent of 
saturation levels V* s and V~ 5 and depends only on time constant 
RC and feedback factor p. 
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Astablc multivibrator is very useful for fixed frequency appli¬ 
cations in audio frequency range (10 c/s—10 kc/s). At frequencies 
greater than 10 kc/s, the dealy time of the amplifier forgoing from 
one state of saturation to another state of saturation becomes 
significant. Further, slew rate of OP-AMP also sets a limit on 
the rise and fall times of square wave output waveform. 

(11) Bridge Amplifier : Circuit is shown in fig. 28. Operational 
amplifier is used here to amplify the output from a Wheatstone 
bridge, circuit which consists of a transducer (a device that con- 


A 



Fig. 28. A bridge amplifier. 


verts a physical variable, being measured into an electrical signal 
e.g .. a thermistor) is one of its arms. In fig. 28, T is a thermistor. 
Let the change in resistance of T with temperature be A R- Let a 
constant voltage, V s , be applied to the bridge. Then potential at 
point, B, will be 

F.-L*±M l v _±(R±AR)Vs_ 

" 5 2R(l + AR/2R) 

and at C will be 


Vc 


so that 


■GSd 


VsR 

2R 


a v— v B — Vc= —f_ R+ar n~l 

A 8 c 2/?[(I + A*/2*) 


Vs f R+AR-R-&R/2] 
2/?l (l + A*/2«) J 
Vs[ ARI2 1 
2Rl(l+AR/2R) J 
A R 


4 R 


If A R < 2R, then 




Vs 
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Fig. 29. shows that * 

A# is large for most ther- jb 5/ ■ \ 

mistors. Thus output vol- *1 \ 

tage, A P. is linear with £ ™ - \ 

£\R or temperature. The & ^ \ 

purpose of operational ^ \ 

amplifier here is to pro- k 2 K - \ 

vide a usable signal to £ \ 

drive an indicating mstru- | 7A . 

merit (a meter) ”!' ll0U ' h . . TT-. _ 

introducing any additional $ 0 0 ° c 2 5°C 50°C 

nonlinearity in A V- 1 h '* Temperfi/vre —> 

js possible (though not 'T 

nn^ible for any milliamm- Fig. 29. Variation of thermistor resistance 
possioic I j with temperature. 

«'. er > f ° r „,u P imDedance (about SOM ohms) will not load down the 

brfdtto"and so wdl not introduce additional non-hnearr.y. 

121 Voltage Comparator : The function of voltage compar- 

time varying voltage at one input with a 
tor is to comp thc other. A differential amplifier (fig. 

KSST-SW- a vol,ase comparalor lfie - 3,a - 3,6) - 

+yn*) 

1 U-'ov) 


Input 

vo/toqe 

revive to ground 


Fig 30. (a) Symbol of differential amplifier. 



Fig. 30. (*>) Differential amplifier ioput/output graph. 
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-f 10K for e, > e R 
— \0V for e, < e R 


Fig. 31 (a) A comparator; e, is input voltage > e R is reference x 
voltage. Output Vo is +10 V{+Vcc) when e, > e R 
and v 0 is — \QV when e t < e R . 



Fig. 31 ( b ) Comparator input/output waveform. 

Differential amplifier of fig. 30 (n) has been shown as compa¬ 
rator in fig. 31 (n), with a difference that here e x is shown as ei 
(input voltage), e 2 as e R (reference voltage, normally a constant 
value). Input signal e, will be compared with other input a refe¬ 
rence voltage, e R . 

Since voltage gain of OF-AMP is very high (A -► co) output, t; 0 , 
will reach its positive saturation value (a d.c. level, shown as 
-HOI 7 ) whenever e t becomes slightly greater than e R (few milli¬ 
volts), while output, t> 0 , will reach its negative saturation value (a 
dc level, shown as — \0V) whenever e t becomes slightly lower than 
c R (fig. 316). Thus output will quickly jump from one saturation 
to the other as e/ varies above and below e R . Thus output wave¬ 
form which is a square one, though input is a sine waveform, can 
be explained as follows : 

1 he moment e, is greater than e R by a few millivolts (say even 
2 mV), v 0 reaches atonce the positive saturation (+I0K here) value. 
It will remain at this level so long as e f continues to be greater 
than e R . But when e t < e R , then as e t crosses zero, it becomes 
slightly less than e R and therefore output jumps to negative satu¬ 
ration value (— \QV) and continues to remain at this level so long 
3 r eWhen ei rises a £ ain 10 become greater than e Ry state 
of affairs is repeated. Thus we get a square wave output. 

If e R = 0 t then output will jump from zero to the d.c. level 
(H-lOf'and —JOF) every time the input signal e t passes through 
zero. The OP-AMP then acts as a zero-crossing detector. 

(13) Schmitt Trigger : 

Schmitt Trigger, a regenerative comparator (fig. 32) and a 
member of multivibrator family, is sensitive to changes in the level 
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of the input voltage, v, and is used to convert a slowly changing 
input waveform into a squared' output with very fast rise and fa I 
limes. It is stable in one state and when triggered by a slowly 
varying input, it make, a very fast transition (abrupt transition 
having nearly zero rise time) to the alternate state. Further when 
input returns to its original value, the circuit returns to its stable 
state makin" a very last transition. The width of the output pulse 
is^herefore determined by the shape and width of the input wave- 

form. 

Refer to transfer characteristic (iig. 306) of voltage compara¬ 
tor discussed earlier. Suppose for a very .mail swing ■ m mpu 
voltage say of 2ntV), output changes from -5 V to +5K (satura 
tion levels) so that voltage gam. Ar, is 

A,= —ill——=5000 
A% 2 x IU' 3 

n rregenerative) feedback (voltage-series feed- 

back a y s done- in case of asfable multivibrator with feedback factor 
fluhe " tin may be increased greatly, e.g.. if loop gain -/? Ay be 
f) A to unity then gam with feedback Ay, becomes infinite. 
? a J rn, cm n implies that for a small change ,n input, output chan- 

L g Mlv ind the circuit thus becomes sensitive to the leve. of 

ges greatly ami .l l ^ o ' m _o U> \ then output waveform is 

"■JinaHv discontinuous a. the c.fmpar.Mon voltage. The threshold 
visually d sc . > lor u K - circuit are dilTercnt and 

the dilferenct; of two is accounted as hysteresis or backlash. We 

shall find it as under : , 

Refer to fig. 32. Input voltage is applied to the inverting 
terminal—2 arid feedback voltage to the non-invertmg teaminal 
_ I The feedback factor is 

Kt e J (K) - 1 

°-R7+R t 100+10000 101 


so that 


-ftAy 


J_ x 5000 =49-5 


(/?, = WkO, 100(2, ^| -= —5000) 


which is much greater than I. Thus this circuit will exhibit 
hyi ‘Assume that e, < r, and +l'„ then as shown in fig. 32, 

-(*rr*J 


V'l **-/ ' ’ 

if we increase input voltage, r,. then until V,, out- 
1S “. ’ ins constant at f' n but when n exceeds V„ the output 
pul t>„ rem fcceneralively to e„=- (the transition is abrupt) 

al °H remains constant at this value as long as r, > V, (fig. 33rr). 
an d 's-ma ^ lliresh „IJ or triggering voltage. 
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For vi > V lt value of v x is 

'■-(tot) Metst) v - sr - <-»> 


If we now decrease input vol¬ 
tage, v it then until v,= V it output 
^o» remains constant at — V 0 . At 
17 = ^ 2 . output abruptly switches 
to + V 0 . 



Fig. 32. Schmitt Trigger. 


Thus 



Fig. 33. Transfer characteristics 

(a) iocrca>ing v , 

(b) decreasing Vh 

(c) composite input/outpul 
curve. 


-►at t/= V u when input voltage, v/ is increasing, 
output voltage v c switches -toV 0 

->at V'= V 2 when input voltage, v i% is decreasing 
output voltage v 0 switches to+ V 0 
This switching is abrupt and we get a ‘squared’ output (fig. 34). 

The different threshold voltages \V X and V>) at the input 
result in hysteresis or backlash and is given by 

id y 

volt for V 0 =5 volt. 

Thus we observe that circuit triggers obruptly as shown in 
transfer characteristics of fig. 33 (</). ( b). (c). We also note that 
as V\ > v z : circuit triggers at a higher voltage for increasing than 
for decreasing inputs on account of hysteresis. 

If peak to peak signal is smaller than V H then schmitt trigger 
circuit, having responded at a threshold voltage by a transition in 
one dricction, would never reset itself. /.<?., once the output has 
jumped to +V 0 , it would remain at this level and never return to 
Vq* 
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The action of Schmitt trigger to produce ‘squared’ outputs 
from a slowly varying arbitrary waveform is shown in fig. 34. 



Fig 34. 'Squared* output for a slowly varying input. 

(14) SAMPLE AND HOLD CIRCUITS : 

Such circuits (fig. 35a) sample an analog signal at a particular 
instant of time and then hold the value of the sample for .the 
desired duration. 

The sampling instants and hold duration arc determined by 
a logic control signal (which goes high and low, closing and 
opening the switch) and the hold interval depends on the applica¬ 
tion in which the circuit is being used. A capacitor is used to 
hold the sample voltage. It is charged to sample voltage, very 

rapidly by means of an electronically controlled switch and then 
switch removes the input so that capacitor can retain the desired 
voltage In fig. 35 (a), <v is the input voltage (analog signal) and 
/?, is the internal impedance of input voltage source. The idealised 
waveforms are shown in fig. 35(6). 

Switch is closed when control logic waveform r„ is HIGH and 
is open when control logic waveform goes LOW. Therefore when 
switch is closed (f, is High) output voltage will follow input closely 
provided lime constant, R,C, is very small The output rises to 
nnul value at the instant that the control logic goes Low so that 
switch is now open. During the Hold interval, while v c is Low, 
switch is open and capacitor, C, will hold the last input value and 
output will remain constant at that value throughout the Hold 
Interval. 

However in practic, electronic switches and capacitors are not 
f t an j therefore idealised waveforms, as shown above, do not 
p There is a delay between the time that i the control logic 

tclU the switch to open and the time that it actually does open. 
This delav is called aperture time. Further there is acquisition 
lime also which is the shortest time after a sample command has 
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been given that a Hold command can be given. For further 
details, refer to some book on Digital Electronics. 



Fig. 35. A Sample and Hold circuit with waverorms, 
t s is Sample time, / ;/ is Hold time. 

x , * *y pical sample and hold circuit is shown in fig. 36. Here 
M SFET acts as a switch that is elTcclivcIy opened or closed by 
a L rC . SCnCC absence of control voltage, v e on its gate G. 
A posinve puJsc, t- applied at the gate, makes MOSFET (enhance- 
tyPC v ll |, COndUCl So that ca P acilor » C, is charged by the 
rofr u!hvi, VO a ^ e across C fol, °ws input closely for sample time t s 
die nJr r 5 ,S a PP ,ied )- w hen p f is not applied, MOSFET 
ofthr ^ fV 3 ^ the V 0 ,Ia S c a c ross , C, and output voltage, v 0 
nprinH rn?Hn g . f ° ,l0WCr are he,d constant. This period is hold 
Thr* dp 4 Mp a i0n ,f1 ' the t,mc for which v c is not applied). 

voltage fotlower° U,PU ' ' S ^ ' npU ' ° P - AMP aC,S 38 3 ^ 



EXERCISES AND PROBLEMS 

1. Draw schematic block diagram of the basic OP-AMP with inverting 
and non-inverting inputs Sketch their equivalent circuits. 

2. Explain the significance of virtual ground in a basic inverting amplified 
How would you explain its existense ? What do you understand by 
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closed loop and open loop gain of an OP-AMP. When a noninverting 
OP-AMP acts as a voltage follower ? 

3. What is meant by an ideal differential amplifier ? What are differen¬ 
tial gain and common mode gain of a differential amplifier ? Define the 
term common mode rejection ratio (CMRR). Discuss an emitter coup¬ 
led differential amplifier. 

4. Define the terms; input bias current, input offset voltage, input offset 
current, full power bandwidth and slew rate. What arc the factors 
which determine slew rate. 

5 Descrsbe the function of an OP-AMP as (i) an inverter (ii) a scale chan¬ 
ger, (iii) a phase shifter, (iv) an adder, (v> an integrator, (vi) a differen¬ 
tiator. 

6 Draw the circuit diagram of a bridge amplifier using OP-AMP. Ex¬ 
plain its fuoction. 

7. Discuss how an OP-AMP can be made to act as an as la ble multivib¬ 
rator. Obtain an expression for frequency of oscillations. 

8. Discuss how OP-AMP can be used as a comparator 




NON-LINEAR INTEGRATED CIRCUITS : 

LOGIC FUNADMENTALS 

Combinational and Sequential Circuits 


We shall take up the subject starting from basic principles and 
definitions. First combinational logic will be discussed in detail 
upto 29-10 and sequential logic there-after. 

29 1. DIGITAL AND ANALOG METHODS : 

The terra digital refers to any process that is accomplished 
using discrete units, e.g. fingers, toes, (digits) etc. Each of these 
can be used as a unit or group of units to express a whole number: 
On the other hand, analog numbers are represented as directly 
measurable quantities such as volts, rotations and distances etc. 
Thus in analog method, the number 20 can be represented as a 
200 degree rotation of the needle on a meter. This method has 
been used extensively in electronics to represent such phenomenon 
as intensity, frequency and time etc. For communication purposes 
both digital and analog methods arc used. In digital method, an 
analog waveform is sampled, and the digital representation of the 
amplitude is transmitted at regular intervals so that nothing useful 
of the sampled waveform is left. Both the accuracy and economy 
have turned the preference of the people towards digital readout 
devices. In this chapter wc shall be concerned only with digital 
methods. 

29 2. NUMBER SYSTEMS USED IN DIGITAL ELECTRONICS: 

As the term digital implies a system of coupling using discrete 
units, there arc four systems of arithmetic : 

(/) Decimal 

(//) Binary 

(i/i) Octal 

(/»■) Hexadecimal. 

Digital systems use binary system extensively. We shall discuss 
the first two systems. 

The Decimal Number System : This is frequently used number 
system in our daily life. It contains 10 unique symbols : 0, 1, 2, 3, 
4, 5, 6, 7, 8 and 9. Because it has symbols its base is used to be 10. 
To indicate digits greater than 9 the digits are arranged by 
columns on the left of decimal point, each column having a difl- 
erent weight or multiplying factor, e.g., they are named as hund¬ 
reds. tens and units. Similarly to represent digits less than 1, the 
position to the right of the decimal point are named as tenths, 
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hundredths, thousandths etc. For ex »'" p ' e 

432 , 45 10 =4 X 10 ! + 3x 10' + 2 x 10“+4x 10 ' + 5x10 . 

101011**1 x 2 *+ 0 x 2 *+l x2*+0x2*+l x2'+l x2 
= 32 + 0 + 8+0 + 2+1 
= 43 10 in decimal system 

and,he ; U ,To b r:.x 2 -+.x 2 -*-xOx 2 -»+.x 2 -‘ 

=-4+4 L+0+ r6 

= 0 - 500+0 250+0 0-'2 in decimal system 

n... r?Jr , .rs£« srK*.K£s 

" iCS '? Vreoion Xwever binary ar.tlimatic and mathematical 
its active region However, y io „ are best carried out 

•-> <“"«>■ “ “ pl * l "' d 

OJ5SS abov? 1 The C c™umn leigh'tsToTlach 1 appearing 
been illustrated above ^ all 0 iher column weights 

write 

10111*= 1 x 2*+0x 2’+ I x 2 S + I x 2 ' 1 -1 x 2“ 

= 16+0 I 4 + 2+1 

Converting Decimal to Binary : l or this number is success.'- 
. r h ,i hv ? and its remainders recorded. The final binary 
roiultisObtained by assuming all the remainders, with the last 
lemaindcr being the most significant bit (MSB). For example, to 
... A-% Kimrv we nrocecd as follows . 

Remainder 


2 ) 

43 

2 ) 

21 — I 

2 ) 

10—1 

2 ) 

5-0 

2 ) 

2—1 

2 ) 

1—0 

0-1 
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Reading the remainders from the bottom to top, 

43 10 = 101011 2 . 

Another number 200 lo can be converted as follows ; 

2) 200 R 
2) 100—0 
2) _50_-0 

2) __25—0 
2) 12-1 
2 ) _ 6_-0 

2) ir-o 
2) _l r l 
0-1 

Reading the remainders from the bottcm to the top, the result is 

200,0=11001000,. 

Binary Addition and Subtraction : The process of addition using 
binary numbers is basically identical to that using decimal notation. 
Prior to addition and subtraction, let us explain carry and 
borrow in binary system. 

When a given binary column is filld (contains a 1) and when 
the digit is to be implemented by I (added to by 1) then the 
column in question is returned to zero and a carry is placed in the 
next higher order column. 

For example cr cr 

0 0 11 (number) 

1 (add 1) 


1 0 0 


OR in more detail 


column numbers 

In the I’s column, 
with carry of 1 

1 + 1=0, 

8 4 2 1 

0 0 11 

1 


cr 

In the 2’s column, 

1 + 1=0, 

1 0 0 

with carry of 1. 

cr 


In the 4’s column, 

0+1 = 1. 



For borrow, a binary digit moved from a more significant 
column becomes a borrow, and in the new column it carries a 
weight greater than before by the base of the system. For example, 
a I in the third column (or 4's column) is to be moved to the 
second column 

1 

0100 -> 00 - 1-0 

1 
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This peculiar notation is necessary because a 1 moved1 one 
column to P the right is now weighted twice its previous value 

Twice 1 is 2 but there is no digit 2 in the binary system. Th 

are then treated as individual digits as illustrated in forthcom.ng 

subtraction. „ . 4 . 

Addition : Add 1011, and 110 2> concept of carry is to be used. 

In the l*s column, 1+0=1. t 

In the 2’s column, 1 + 1=0, with a column number 

carry of 1. . , 1 n l 1 

In the 4’s column 1+0+1=0, with a I 1 0 

carry of 1. . __ 

In the 8’s column 1 + 1=0 with 1 0 0 0 1 

a carry of I to next higher column, 

but this is the last column of the 

number and therefore it is written 

as 1 + 1 = 10, which is 

read as “zero and a carry of I *. 

Subtraction: Subtract 01111 2 from 1101l 2 . 
concept of borrow is to be used in association with rule that 

0 minus 0 equals 0 
I minus 0 equals 1 

1 minus I equals 0. , r 

As staled earlier 0 minus 1 will require a borrow from next higher- 

order column which is to be written as+on the column demanding 

a borrow. Let us depict them in the given problem. 

1 

+ 1 

0 /I + 

/ 0 / i 

1^ 0 11 =27,0 


- 0 


l I 1 


0 1 10 0 =12,o 

As another example let us subtract one from 100 2 . 

1 

1 + 

+ V 1 
0 / 1 ' 


= 4,o 

= l,o 

= 3,o 
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29 3. BINARY ARITHMATIC IN COMPUTERS : 

Two's complement arithmatic to represent negative numbers 
(Addition of negative numbers) : 

A binary digit (a 1 or a 0) is called a bit. A group of bits 
having a significance is a bite, word or code. Bite is sometimes 
referred to as character and a group of one or more characters as a 
word. 

In order to represent both positive and negative numbers 
computer, an additional bit, called the sign bit, can be added to 
each number. If this bit is a 0. the number is positive. If . a 
1, the number is negative. This system is called a signed magnitude 
system. Examples are in a six bit hardware, 


000011 = + 3 
100011 = -3. 

However, under this system a great deal of manipulation is 
necessary to add a positive number to a negative number and is 
rather impractical. 

In a computer, due to its finite word length for which it is 
designed, a number is to be represented in a specific number ot 
bits. For example six bit word length, eight bit word length, 
twelve bit word length etc. Suppose system is only of eight bit and 
we are to add the following : 


(»■) 

+ 

1011 

0100 

1011 

0100 


llll 

llll 

(«•) 

V 

1010 

1101 

0001 

0111 


0111 

1000 


Note that carry from eight bit in the second addition is to be dis¬ 
carded because ninth bit is outside the computer capability. It is 
exactly same as in a two bit decimal system, carry of second bit 
(or tenths column) is to be discarded viz. 

64 
4- 73 
37 

where carry of tenth’s column is discarded. This type of arithmatic 
is called modulus arithmatic. The two’s component system is used 
to represent negative numbers using modulus arithmatic. Assume 
a bit number length then negative numbers are represented by the 
transformation 2"— N, where N is the positive representation of 
the number (i.e. additional bit or sign is 0). Let us take three 
examples ; 
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Ex. 1. Express .he decimal number-5 in two’s complement 
form in a eight bit system. 

Thus n=8, and positive representation of-5 in e.ght b.t is 

0000 0101. Thus 


2 e = 
Subtract 5 


1 0000 0000 

- 0000 0101 


Result —5—11H 1®** 

Ex. 2. Express the decimal number-15 in 12-b.t two s com- 

ponent form , ^ 0000 o000 

_ 0000 0000 1111 


Subtract 15 


-15=1111 MU 0001 


Ex. 3. Express ,h. d.dm.l '■ 16 - b “ 

complement form. 

2 I«=| 0000 0000 0000 0000 
Subtract 16 000- 001 1 1110 1000 

Result -TOJ^nToo^ooTnooTi 0000 
There is another method of computing two s complement 
number. It is : 

(0 write the positive expression of that number, 
w , , „ nt .,|| ,i ic bits of the expression (change 

(//) then complement all the diis 

all the l’s to 0’s and all the 0 s to 1 s). 

(Hi) then add one and get the result. 


form. 


Ex. 1. Express decimal number-4 in 8-bi. two’s complement 


Positive expression of number 
Complement of above 
Add one in complement 


0000 0100 
1111 1011 
+0000 0001 
Result —4= 1111 1100 

Thus—4 equals 1111 1100- 

Ex. 2. What negative value does 1001 1011 represent ? 

Number ^nno 0100 

Its two’s complement 0110 

Therefore in decimal system 

0110 0100 = 1011 0 


Therefore 


1001 1011 = — 101 io 
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Summarising this article we write some two’s complement 
numbers in the following table. 


TABLE-1 : Two’s Complement Numbers 


Binary 

Decimal 

0111 

+7 

0110 

+6 

0101 

+5 

0100 

+4 

0011 

+3 

0010 

+2 

0001 

+ 1 

0000 

0 

mi 

— 1 

1110 

-2 

1101 

-3 

1100 

-4 

ion 

—5 

1010 

-6 

1001 

—7 

1000 

—8 


We note from the table : 

1. In two’s complement system, there will always be 2 n-1 —1 
positive integers, 2"- 1 negative integers, and one 0, for a total of 
2 n unique states, where n is the number of bias in the binary 
word In the table /i=4 so that total 2 4 = 16 states, out of which 7 
positive integers, 8 negative integers and one 0 

2. The left most bit is a sign bit and do not express quantity. 
If it is 0, number is positive and if I, number is negative. 

Let us now take few more examples for the completeness of 
above two’s complement method. 

Ex. 1. What negative value in decimal system does 1001 1011 
represents ? 

Find two’s complement for this p i rpose 


Number 

= 1001 

1011 

it complement 

=0110 

0100 

Add 

1 =0000 

0001 

Result 

=0110 

0101 


Two’s complement of Number=0x 2 7 + I x2*+I x2 6 +0x2 4 

+ 0 x 2 3 + Ix2 2 +0x2 1 +lx2° 

=64+32 + 4+1 
— 101, o 

Thus 1001 1011 = —101 10 

Ex. 2. Add —5 to +5 in 8 bit word length. 

First find two’s compliment of —5, and then add with +5 
with sign bit taking part in the process. 
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To find two’s complement of —5 
Positive expression of —5=0000 0101 
Complement of above =1111 1010 

Add 1 in complement +__ L 

Result =1111 1011 

Which is two’s complement of —5. 

So addition will be 

+ 5= 0000 0101 
—5= 1111 1011 

+ 

Sum 0= 0000 0000, 

since the carry is the ninth bit, it is discarded, 

Ex. 3. Add —20 and+ 26. 

Two’s complement of —20= 1110 MOO 

+ 26= 0001 1010 

_ + _ 

Sum +6 — 0000 OIIO 


Ex. 4. Add —10 and +15. 



Two’s complement of —10= 

Mil 

0000 

f 

0110 

1111 

+ 5- 

O(MK) 

OIOI 

Ex. 5. Add 1-10 and -15. 



Two’s complement of — 15 

1111 

0000 

0001 

1010 

Sum — 5~ 

INI 

101 1 


Since the two's complement of 1111 1011 are 0000 0101 which 
is +5 and hence 

1111 1011 = — 5 . 

29 4. BINARY CODES : 

A code is simply a system of symbols by means of which 
meaningful communications can be affected. 

A coding method much used is the straight binary code, where 
all numbers arc coded in binary fashion. Hence I is 001 ; 7 is 
0111* 105 is 1101001. This system has the disadvantage that the 
large numbers require a great deal of hardware to handle these 
numbers. 

The above difficulty is encountered by using another coding 
system-called binary coded decimal or simply BCD . In this system, 
individual decimal digits arc coded in binary notation and are 
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operated upon singly. Thus binary codes representing 0 to 9 
decimal digits are allowed. For example 342 in BCD is 

0011 0100 0010 

(3) (4) (2) 

since 4 bit system is sufficient to handle any decimal digit, only 
four elements of hardware are needed to operate upon the number 
because each digit is operated upon at different times. Thus a 
single four stage register, consisting of four flip-flops can handle 
any decimal number. This is also called the 8-4-2—1 code. 

Table 2/4. shows that 1001 is the largest four bit group in 
8421 code. In other words, only 10 of the 16 possible four bit 
groups are used. The 8421 code does not use the binary numbers 
1010,1011,1100,1101, 1110, 1111. Thus BCD digits are resis- 
tricted to the four-bit numbers from 0000 through 1001, and 1010 
through 1111 cannot occur for normal operation. 


TABLE-2A 


Decimal 

8421 

Binary 

0 

0000 

0000 

1 

0001 

0001 

2 

0010 

0010 

3 

0011 

0011 

4 

0100 

0100 

5 

0101 

0101 

6 

0110 

0110 

7 

0111 

0111 

8 

1000 

1000 

9 

1001 

1001 

10 

0001 0000 

1010 

11 

0001 0001 

1011 

12 

0001 0010 

1100 

is 

oooi oioi 

(III 

... 




Thus BCD or 8421 code is identical to binary through 
decimal number, 9. 

Another code used is the Gray code In binary system we find 
that all four bits are changed when going from 7 to 8 (0111 to 
1000), in Gray code only one bit changes at a time. Following is 
the procedure to change a binary number to its gray code 
equivalent : 

0) Record the most significant bit (rasb). 

O'O Add this bit to the next position, recording the sum and 
neglecting the carry. 

(/'//) Record successive sums until completed. 
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Ex. 1. 

Convert binary 1011 to Gray code. 



position 8 4 2 1 

Binary 

10 11 

weightage 


HU 

10 11 

Gray 

1110 

Procedure : 


1. First record the 8's bit which 
is most significant. 

2. Now add 8's bit to 4’s bit, 
14-0=1. Record it. 

3. Then add the 4's bit to the 
2’s bit, 04-1 = 1- Record it. 

4. Then add the 2's bit to the 
Ps bit, 14-1 = 10 (0 with a 

carry). Record 0 and ignore 
carry. 


TABLE-2B. Gray Code 


Decimal 

Gray 


0 

0000 


1 

0001 


2 

0011 


3 

0010 


4 

0110 


5 

0111 


6 

0101 


7 

0100 


8 

1100 


9 

HOI 


10 

Mil 


11 

1110 


12 

1010 


13 

1011 


14 

1001 


15 

1000 


16 

11000 



29 5. BOOLEAN ALGEBRA AND LOGIC GATES : 

Boolean algebra is a system of mathematical logic and it differs 
from both ordinary algebra and the binary number system viz in 
Boolean 14-1 = 1. In it the variables permitted to have only two 
values true or false , usually written as 1 and 0, and the algebraic 
operations on the variables are limited to those defined as AND, 
OR, NOT. 

Boolean two variables true or false may be represented by 
on or off states of electronic switching circuits. On account of such 
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functioning of switching circuits, Boolean algebra becomes of 
practical significance and is implemented through these switches 
that act is electronic logic circuits. 

Thus there are two variables within the Boolean system : 0 
and 1. Every number is either a 0 or a 1. There are no negative 
or fractional numbers. We wiite : 

If X=\ then AVO 

Jf AT=(), then X*\ 

The three operations permitted on these variables are described 
below : 

29 5-1. THE AND OPERATOR : 

This operator is represented by the symbol • and the operation 
can be written as 

A AND B=A-B=AB-C t 

which means that if A is true AND B is true, then C will be true. 
Under any other condition C will be false. There are four different 
combinations of A and B that must be considered as shown in 
Tablc-3. Such a table in which all possible states are examined 
and a decision made as to whether the output would be true or 
false is called truth table. 


TABLE—3. Truth table for AND operation 


A B-C 

0 12 3 

O’U-0 

A 0 0 11 

0* 1 o 

/y oioi 

M) 0 

c~ o o o "i 

l-lw | 


AND functions 

Truth table 


We note from truth table that only when both A and B are 
1 (or true) will the output, C\ be I (or true). 

AND Gates : Electrical switches can be used to represent 
AND gate. In lig. I (/>) two switches A and B are connected in 
series. Lamp glows only when both switch A AND switch B are 
closed. 



Fig. I. ( u) Symbol of AND ga'c used in electronics. 
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(/») Electrical analog of AND gate. 

Fig. 1. Symbol and electrical analog of AND gate. 

Circuit and operation : 

Circuit is shown in fig. 1 (c). Such a circuit has more than 
one input circuit and gives an output, as we shall sec later, only 
when the signals are applied to input 1 and input 2 and input 3 
simultaneously. On account of this fact, such a circuit is called an 
AND or coincidence circuit 


Diodes conduct heavily in 
the absence of any input signal 
Because of low resistance of 
diode in conduction, high resis¬ 
tance, R l , and low source resis¬ 
tance, circuit acts like a clamper. 
The output voltage is thus clam¬ 
ped at approximately ground 
level. 

When a positive going pulse 
is applied to any one of the input 
circuits then due to its sufficient 
amplitude, it will overcome the 
power supply voltage so as to 
produce a reverse bias condition. 
The corresponding diode then 






r 


Ci 


XL 


Ik 


■I 


4 ,t 


o, 


$ 


Fig. 1. (c) Dcodc AND circuii 
Vacuum diodes can also be used. 


inc cants -- -- . .. , . . . . 

does not conduct. Suppose such a pulse is applied to input 1. 

then diode 0, will not conduct but because D t and 0 : , still con¬ 
duct heavily, they will effectively clamp the output to ground level. 
Similarly, if the pulses arc applied to input I and 2 but not to 3, 
D will remain in conduction and clamp the output at Zero level. 
Therefore an output is possible only when pulses arc applied to 
inputs 1, 2 and 3 simultaneously. For further discussion refer to 
Logic families. 

AND laws : The three Boolean algebraic laws can be written 


as 


A AND 0 = /l.0=0 
AA=A 
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(c) Verifying A.A-A. 

Fig. 2. Representing AND laws. 

Suppose A— 0 then we get ‘off’ state in all the three cases: 

00=0 
0 1 =0 
00=0 

If A = I, then we get ‘off’ state in one and‘on* state in two 
cases : 

10=0 
1*1 = 1 
11 = 1 

Keeping these values one can easily verify on or off state of 
the lamp in fig. 2. 

29 5-2. THE OR OPERATOR : 

This operator is represented by the symbol-fand the operation 
may be written as 

A OR B=A+B=C 

which means that if A is true OR B is true, then C will be true. 
Under any other condition C is false. There are four different 
combinations that must be considered as shown in table 4. We 
note from truth table that when either A is 1 or B is 1 (true) the 
output C will be 1 (true). 


TABLE-4. Truth table for OR operation. 


A + B=C 


0 

1 

2 

3 

0+0=0 

A 

0 

0 

1 

1 

o+ui 

B 

0 

1 

0 

1 

1+0=1 

c 

0 

1 

1 

1 

1+0 = 1 



OR fuoction 


Truth table 



OR Gates : The symbol for OR gate used in electronics is 
shown in fig. 3 (a) and its electrical analog in fig. 3 (b). 
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(a) Symbol (b) Electrical analog 

Fig. 3. Symbol and electrical analog of OR gate. 


Circuit and operation : 

An OR circuit is shown in fig. 3 (c) with two or more input 
circuits. Such a circuit produces an output when a signal is app¬ 
lied to any one or all its input circuits. 

In this circuit, if all inputs arc at zero level, diodes do not 
conduct: current through R L is zero and output level taken across 
R l is zero. 

When positive going pulse is applied to input 1 or ioput 2 or 
input 3, current flows through R L 
developing a positive voltage 
across it and with R L being 
sufficiently large compared to 
diode forward resistance, output Ot 

will be equal in magnitude to in¬ 
put pulse. Therefore output reaches 
at maximum amplitude and con¬ 
duction of rest two diodes will not 
add any more to the output i.e. s\ 
output voltage is same whether e t 
one or all the diodes conduct. 

For further details, refer to logic 
families. Fig. 3 (c). A diode OR circuit. 

We note that a positive input pulse produces a positive out¬ 
put pulse which is obviously an OR circuit action. 

Inclusive OR gate : The above mentioned OR gate in which 
output is true (C= I) when both inputs are true (A = 1 and B=\) 
is called inclusive OR gate. 

Exclusive OR gate : In this case output is true (C=l) only 
when cither input (A -- 1 or B= I) but not both , is true. Symbol 
and truth tabic is shown in fig. 4. 




Symbol Truth table 

Fig. 4. Symbol and truth table of exclusive OR gate 
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OR Laws : We can write three Boolean algebraic laws as 
follows : 

> 1+1 = 1 
A+0=A. 

A-hA=A 

Let >1=0 then we get 

0+1 = 1 on state 
0+0=0 off state 
0+0=0 off state 

and A=l, then 

1 + 1 = 1 on state 
1 -j-0= 1 on state 
1 + 1 = 1 on state 

These states can be easily tested from circuits given in fig. 5. 
In ‘on’ state the lamp will glow. 1 means connected and 0 means 
disconnected. 





(c) A\A=A 
Fig. 5. Verifying OR laws. 

29 5-3. THE NOT OPERATION : 

This operator is represented by a bar e.g. t A. The operation is 
also called as complementation or negation (inversion). The NOT 
gate is thus called complementary circuit or inverter It has single 
input and single output. It inverts or complements the input. 
Thus if input is in 1 state, output will be in 0 state or vice-versa. 
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Fig. 8. The inverter or NOT Circuit. 

because tube or transistor is biased beyond cut-off and output 
reaches the full supply voltage [(state represented by 1 in fig. 8 (a) 
(6)]. When a positive going square wave is applied at the 
input tube or transistor conducts so that plate of collector poten¬ 
tial drops to low voltage level characterised by the symbol 0. 
Now there is no output. 

We thus find that output is present only when input signal is 
not applied. Therefore these are called NOT circuits. For details, 
see Logic families, 

NOT laws : Few Boolean algebraic laws can be written as 
0=1 
1=0 

If A =0, then A = \ 

If .4=1. then 1=0. 

These laws are already explained by the electrical analog which 
represents that if switch is closed (I state) lamp will not glow 
(0 state) or vice versa. 

A fourth law can be written following the definition of an 
inverter and is 

A = A 

and can be verified by examining fig, 8 (c). Obviously, A inverted 
twice, A t is identical O A. 

A -- A or A 


Fig. 8. (f) Verifying A A. 

29 6. UNIVERSAL BUILDING BLOCKS : 

In previous art. we have discussed AND, OR and NOT gates. 
There arc some units which can perform all the aforesaid three 
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logic functions eg. a NAND gate; a NOR gate can perform both 
the OR function and the AND function. Thus these two gates are 
called universal building blocks. 

NAND gate : When AND gate is combined with NOT gate 
in cascade the resultant gate is known as NAND gate. Fig. 9 (a) 
shows a NAND gate symbolically in which a NOT gate follows an 
AND gate (inverter). The inputs A and B are ANDed, yielding 

AB and then inverted, giving AB. The truth table is 

0 12 3 

A 0 0 11 

5 0 10 1 

AB 0 0 0 1 

Output, C. =AB 1110 
Fig. 9 ( b) shows the electrical analog of this gate. Obviously the 
lamp will not glow if both inputs A and B are in logic T state 
i.e. switches are closed. 

Fig. 9 ( c) indicates a NAND gate circuit. The logic state T 
represents +5F and state 0 is ground. The output, C, is low only 



NAND gate with externa/ inverter 



NAND gateJnternat inverter 

(</) NANI) gale used AND function 



(6) clecirical analog. (c) NAND circuit. 

Fig. 9. NAND gate. 
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when both inputs A and B are at 1 logic state. Thus when Aisa\ t 
and B is a\, the output C is a 0. 

Another way of looking at the NAND circuit is to observe 
that its output is a 1 if A is 0 or if B is 0. Thus it can perform the 
OR function. Fig. 9 (d) depicts this function. First A is inverted 

giving A, B is inverted giving B. Then OR gate forms A +5 at 
its output. Truth table is 

0 12 3 

.4001 1 

B 0 1 0 1 

A l i 0 0 

5 10 10 

Output. C,=-4-f5 1110 

While discussing De Morgan’s theorem in art. 29’7 we shall 
conclude that logic circuits of fig. 9 (a) an d fig. 9 (6), are equivalent. 



Fig. 9 (</) NAND gate used as OR funtcion. 

NOR gate : When a NOT gate is combined with OR gate in 
cascade, the resultant gate is called as NOR gate. It is represented 
symbolically in fig. 10 (a), in which a NOT gate follows an OR 
gate. The logic equation is 


A + B=C 

and the truth table is 

0 12 3 

A 0 0 1 1 

B 0 1 0_ 

A-\-B 0 I 1 1 


Output, C=A + B 10 0 0 

‘Not A + B' or A + B is interpreted as “If all inputs are at logic 0, 
the output C will be at logic I. If any input is logic 1, the output C 
will be logic 0”. NOR gate electrical analog is shown in fig. 10(6). 
which predicts that if any one of the switches is in state 1 i.e. 
closed, the lamp will not glow (0 state). Circuit for gate is given 
in fig. 10 (c). If logic 1 appears at A OR 5, the OR gate output 
itself will be at logic l which will be inverted to logic 0 at C. 
Hence, to have a logic 1 at C, there must be logic 0 at the inverter 
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input, which requires at A AND B be that logic 0. Here we note 
that the NOR gate has similar characteristics to that of the AND 
function. The truth table is 


1 2 
0 1 
1 0 
1 0 


B 

C=AB 


Output, C=AB 10 0 0 

In fig. 10 (d) NOR gate used as AND function is depicted. 



A+B 



(a) NOR gate used as OR function. 


(/>) Electrical analog. 



(c) NOR gate circuit. 

Fig. 10. NOR gate representation. 



Fig. 10 (</) NOR gate used as AND function. 

In art. 29 7 while discussing De Morgan’s theorem, it will be 
concluded that logic circuits for NOR gate sketched in fig. 10 (a) 
and that in fig. 10 ( d ) are equivalent. 
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29 7. LAWS OF BOOLEAN ALGEBRA AND THEIR CON¬ 
VERSION INTO A LOGIC DIAGRAM : 

Though some of the laws are stated in art. 29’5, we shall take 
up them here again. 

Laws of Complementation (NOT laws) : 

Law 1 o= 1 

Law 2 r-0 

Law 3 If A=0, then A=\ 

Law 4 If A = \, then A=0 

Law 5 A=A. 

AND Laws : The four AND laws are 
Law 6 A.0=0 

Law 7 A.l=A 

Law 8 A.A=A 

Law 9 A.A=0. 

The last law represents that if at one input of logic is 1, then 
other input A would be 0 so that output is 0 (fig. 11). Also if A=0 
A = 1 even output will be 0. 



Fig. II. Verifying A.A=0. 

OR Laws : The four OR laws are 
Law 10 A + 0=A 
Law 11 /t +1 = 1 
Law 12 A + A=A 
Law 13 A + A = l. 

The last law can be easily verified by taking A = 1, then A= 0, 
so that 1 +0=1. 

Commutative Laws : 

Law 14 A + B—B+A 
Law 15 A.B=B.A. 

Law 14 predicts that adding A and B one arrives at the same 
result as by adding B and A. Similarly Law 15 predicts that 
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multiplying A and B one gets the same result as by multiplying B 
and A. It can be seen as follows : 

0 12 3 

A 0 0 11 

B 0 10 

A + B 
B+A 


1 



0 

1 

2 

3 

A 

0 

0 

\ 

1 

B 

0 

1 

0 

1 

A.B 

0 

0 

0 

T 

B.A 

0 

0 

0 

1 


logical element may 


0 1 
0 1 1 

Thus in general, we may state that the 
appear in any order, the result is the same. 

Associative Law : The two associative laws are 
Law 16 A+(B+C)={A + B\+C 

Law 17 A(BC)=(A-B)C 

This law states that the logical elements may be group 
any combination provided they are connected by tne■ ' 

Law 16 is depicted in fig. 12 using OR gate and Law 17 m ng. 
using AND gate. 



Fig 12. Illustrating the associative law 16. 



Fig. 13 Illustrating the associative law 17. 

Distributive Laws : It states that the expressions can be 
expanded by multiplying term by term as in ordinary aigcoru. 
Thus 

Law 18 A(B+C)=(AB)+(A-C) 

Similarly, with the help of distributive laws, the terms tan t 
factored e.g. 


AB + AC=A(B+C). 
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We can write other laws as follows : 

Law 19 A+&-C)=(A+By{A+C) 

Law 20 A+(a-B)=A+B 

We can proceed to prove Law 19 in the following way 
A+BC=A+BC 

=A-\+BC Law 7 

=A (\+B)+BC Law 11 and 14 
=A + AB+BC Law 18 

=A (1 +Q+AB+BC Law 11 
=AA + AC+ AB+BC Law 8 and 18 
=A(A+C)+BA+BC Law 18 and 15 
=*A(A+C)+B(A+C) Law 18 
= (4 + C) A+(A+C) B Law 15 
=(/t + C)(/l + £) Law 18 
=M+£) (A'+C) Law 15. 

De Morgan’s Theorem : These theorems are used in chang¬ 
ing Boolean expressions to equivalent forms. 

First Theorem : It states that the complement of a sum equals 
the products i.e. 

A+B+C+ ...+A t=T. J. C—N 

Left hand side is implemented in fig 14(a) while right hand side 
is implemented in fig. 14(d). With the help of above equality it can 
be said that these two logic circuits are equivalent or in other 
words the circuits arc interchangeable in regard to logic functions. 


(n) Implementation of logic A+B+C+... 
(NOT gate follows an OR gate) 


'— 0 °—~ 
6 -j>°-£ 

c —0-5 


b 


p 


>- 


A.B.C. 


(6) Implementation of logic expression’ll. B. C. 

Fig. 14. Equivalent logic circuits (De Morgan’s first theorem). 

Second De Morgan’s Theorem : It states that 


A.B.C . N=A-\-B + ...+N 

Both sides of this equation have been separately implemented 
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throuch NAND gate (fig. 1 5a) and NOR gate (fig- IW 
tively. By above equality it is inferred that the two logic i 
(fig. 15a and 156) are equivalent. 

. N _ 

ABC 



(a) Implementation oflogic expression ABC...X NOT gate follows 
an AND gate U. it is a NAND gate) 



(A) Implementation of lo B ic expression 3+ff+f (an OR gate follows 
a NOT gate i.e. it is a NOR gate) 

Fig 15. Equivalent logic circuits (second l)e Morgan s theorem) 
Procedure to apply De Morgan's theorem : Following steps 
are used to determine equivalent forms using the De Morgan s 


theorem : . ., 

(/) complement all variables including output variables. 

(«) change all AND to OR gates. 

(/7f) change all OR to AND gates. 

complement both sides of equations to obtain the original 
resultant variables. 

The procedure is called demorganization. 


Ex. I. Demorganizc the function A B 


Given AB 

Step I. Complement all variables A.B 

Step 2. Change AND gate to OR gate A + B 
Step 3. No change 

Step 4. Complement variables A + B 
Thus wc get 

sCB**A + B _ 

Fa. 2. Demorganizc the function A 3 + C. 
Given A B-f-C 

Complement function A BA-C 
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Change operators (A+B) (C) 

Complement variables (A+B) (C) 

29 8 REDUCING BOOLEAN EXPRESSIONS : 

In order to require lesser elements of hardware and therefore 
for reduction in cost, every Boolean equation should be reduced to 
as simple a form as possible. The simplihed form will have small 
number of operators and therefore requiring smaller number of 
elements of hardware. The general procedure is to use the 21 
laws discussed in art. 29-7. Some help can be sought from the 
following points : 

(i) Multiply all variables necessary to remove parentheses. 

(ii) Look for identical terms and using Law 12 drop one of 
them. 

(ill) Look for a variable and its negation in the same term. 
This term can be dropped. For example 

BBC=0.C Law 9 
=0 Law 6 

(/v) Look for pairs of terms that are identical except for one 
var ible. If the one variable is missing, the larger term can be 


dropDcd. For example 

ABCD + ABC=ABC (D+l) Law 18 

= ABCA Law 11 

=ABC Law 7 

or ABCD + ABCD=ABC (C+C) Law 18 

= ABD. 1 Law 13 

=ABD Law 7 

Ex. 1. Reduce the expression AB+A+AB 

Demorganize AB A + B+A+AB Law 21 

Reduce A+B+AB Law 12 

Reduce A + B+A Law 20 

Rearrange A + A+W Law 14 

Reduce 1 +~B Law 13 

Reduce \ Law 11 

Convert 0 Law 2 


Algebra to Logic : To convert an algebraic expression into a 
logic diagram easy course is to start with the output and work 
toward the input. For example, let us convert the expression 

A+BC 

into logic diagram. We note that : 
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(0 It is a NOTed function so it must be an inverse of A + BC. 

Thus at output there is an inverter whose input will be A+BC. The 
circle is at the output end of the triangle indicating that when 

A + BC is high (1 state), A + BC is low (0 state). 



( fl ) Step («) 

(ii) Mow we consider input A + BC of invertor. Obviously it 
is output of an OR gate. Therefore draw on OR gate with two 

inputs A and ~BC. 



(6) Step (/i) 


(///) Next consider input term BC of OR gate. It is an AND 
function of B and C. Therefore draw an AND gate with two 
inputs B and C. 



(e) Step (///) 


Uv) Next consider input term B of AND gate. It can be 
represented by another inverter with B input. With this inclusion, 
the logic diagram is complete. 



(</) Step(i'r) 


Fig 16. Logic diagram for algebraic expression A FflC 

29-9 AR1THMATIC CIRCUITS : EXCLUSIVE OR GATES 
(XOR Gale) : 

Some of the fundamental arithmatic circuits used in digua 
computers, are eaclus.ve OR gate (AOR gate), the hall and lull 
adders. They ate being described below : 
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The Exclusive OR Gate (XOR gate) : An exclusive OR gate 
is shown in fig. 17 (a) with its logic symbol in fig. 17 (b). It has 
two inputs and one output. If the inputs be denoted by A and B 
thcD its output is given as 

Y=AB+AB 



In order to develop its truth 
table, we take on the input values 
as follows : 


(/') when A= 0 and B=0, 

so that A = 1 and 2*=1, 
(/'/') when A =0 and B = 1 

so that A — 1 and B= 0, 
(Hi) when A=\ and B= 0 

so that 5=0 and B=\, 
(iv) when A= 1 and B= 1 

so that A= 0 and B= 0, 
We tabulate it is follows : 



Fig. 17 (6) Logic symbol of 
exclusive OR gate. 


y=o.i+i.o=o+o=o 
y=0.0+l.I=0-H = l 
y=l.l+ 0 . 0 =l+ 0 =l 
y= 1 . 0 + 0 . 1 = 0 + 0=0 


A 

B 

Y 

0 

0 

0 

0 

1 

1 

1 

0 

1 

1 

1 

0 


We observe from truth table that Output Y is a 1 only when 
one of two inputs is 1 but not both. Hence the name exclusive OR. 
Symbolically, we write XOR operation as 
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Y=A © B 

XOR operation is also called mod-l-addition and rules of add,non 
are 

0 © 0=0 
0 © 1 = 1 
I ©0=1 
1 © 1=0 

From these rules we conclude that nwde-2-addition b binary 

addition if we neglect to take into account the ’,■*"'3x0$ cite as 
and 18 ( b ) also show the another implementation of XOR gate 
indicated by the corresponding truth table. 




Fig. 18. Circuils having ihc same logics as of XOR operation. 


The truth table is as follows * 


M 

B 


AB 

Y={AA B)AB 

1 0 

1 0 

n 

H 

00=0 = 1 

0.1=0 

u 

1 

of=o=i 

1.1 = 1 

1 

0 


To-=6=1 

l.l-l 

1 

1 

i 


1.0=0 


Thus output is a I only when one of the two inputs is a 1 but 
not both—an exclusive OR operation. 












1032 


Hand Book of Electronics 


APPLICATIONS OF XOR GATE : 

(i) Binary to Gray Code Converter: An XOR gate can be 
used as a binary to Gray Code converter. Refer to art. 29*4, 
Ex. 6, where we have converted a binary to Gray Code. The 
process of conversion involves addition of each successive bit of 
binary word and ignoring the carry (starting from most significant 
bit) which is infact a mod-2-addition *.*., an XOR gate operation. 
It has been shown in fig. 19. Binary word 1011 in Gray Code is 
1110 (See Ex. 6 art. 29*4). The same is obtained by mod-2-addi - 
tion. 

For first from left XOR gate input A = 1, B=0 so output 7= 1 
second from left XOR gate input A=0 t B=l so output Y= 1 
third from left XOR gate input A = l, B= 1 so output 7= 0 



b/wryOor/) 


(ojQray (wo) 


Fig. 19. Binary to Gray Code converter. 

(ii) A parity checker : Duting operation, a digital machine 
fetches each word (a group of bits) from its memory. Thus words 
(a group of bits, e g., machine is to add two BCD numbers, 
0100 0000 (it is 40) with 0100 0101 (it is 45)) are moved around and 
it is very likely that 0 may change to a 1 or viceversa , i.e. t an error 
may creep in. In order to check it, a parity bit is attached to the 
word. Two kinds of parity bit exist : an even parity means an 
extra bit is attached to a group of bits to yield an even number of 
Ps, while an odd parity makes the number of l's in a word odd. 
This new word can be moved and stored by the machine and we 
can check for even or odd parity at different points to ensure that 
no error has crept into the word. Thus we need a check whether 
a word has even parity or odd parity. For this we require a circuit 
that produces a 0 for even parity and a 1 for odd parity. It can 
be done if we employ a mod-2-addition on each bit of a group of 
bits (a word) as shown in figs. 20 (a) and 20 (6). The output 7=0 
for even parity and 7=1 for odd parity. 

THE HALF ADDER : 

It adds two binary digits at a time and thus is a basic circuit 
for adders. When we add 1 and 1, we get 

sum=0 and carry=I. 
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That is, 


1 <-A input 
\*-B input 

To 

tt 

I L S um 

L-carry 


Thu, .hi,, .ddi.1 ... “ ; h i1 

Sh*.f£ , *ND,n%. ». bte “ ,« d h" 

csaufs sr jis.= 


A 

B 

Sum 

Carry 

0 

0 

0 

0 

0 

1 

1 

0 

1 

0 

1 

0 

1 

1 

0 

1 


/ 0 Or 



(ewportfy) 


o r r / 



(a) 

Fig. 20. XOR gato as a parity checker. 


(6) 
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It is the simplest type of adder circuit since it does not have 
a carry input. Its usefulness is limited to the lowest order bit of 
a multiple stage adder circuit. It can not be used for higher order 
bits sine, it does not have carry input. 




Carry 


>sm 


Fig. 21 ( b ). Symbol of half adder. 

THE FULL-ADDER : It adds three binary digits at a time 
and thus has a carry input. While adding 101 with 101, we get 

101 
+101 

1010 

(/) so at the least sigm'Gcant column, 1 + 1=0 (Sum), and 
Carry=l 

(//) in next column, we have to add three digits because of 
Carry 0+0+1=1 (Sum), and Carry=0 

(/«) in next column again we have to add three digits, 
1 + l +0=0 (Sum) and Carry= 1 

Thus a full adder needs electronic circuits that can handle 
thee digits at a time. Two half adders and an OR gate arranged, 
as shown in fig. 22, give a full adder. Corresponding truth table is 
also given. Wc can write the above example as 

J 0 1 Carry 
I 0 I <r-A input 
1 0 1 <r-B input 


10 10 <-Sum 
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Fig. 22. A full adder using two half adder and an OR Gate. 

Thus for third column next to least significant column, we have 

0 <-Carry, C input of second adder 

; ^ in P Ul W first adder 
1 <-B input/ 


10 

tt 

I I-Sum of full adder 

L--Carry of full adder 

Now refer to fig. 22. With A=\ t B=\ t C=0, we have 
D=A@B= I® 1=0, so that 
Carry of full adder=/4ZH*DC= 1.1 +0.0 ~ 1 
Sum of full addcr= D©C =0®0=0 

Truth table of a Full Adder : 


A 

B 

c j 

Sum 

Carry 



1 



0 

0 

0 

0 

0 

0 

0 

1 

1 

0 

0 

1 

0 

1 

0 

0 

I 

1 

0 

1 

1 

0 

0 

1 

o 

1 

0 

1 

1 0 

1 

1 

1 

0 

0 

1 

1 

1 

1 

1 

1 


PARALLEL ADDER : By cascading any number of full 
adders we can obtain an //-bit binary adder circuit, commonly 
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called a parallel adder. The drawback of such a circuit is longest 
signal delay time (time taken to give output after the instant 
the input is applied). 

Suppose we arc to add four bit binary numbers 1111 with 1011 
then 


111 -(-Carry 
1111 +-A input 
+ 1011 <-B input 


11010 

t 

Lover flow carry 
if sum exceeds 
four bits. 


<73 Oz 

or in general +6 4 b 9 b% b x 


S$ Si S 3 S t Si 

t 

Lover flow carry 


The first column requires only one half adder as only two bits 
are to be added and there is no carry, but all subsequent columns 
need full adder because we are to add three bits (two digits and 
one carry). A parallel four bit binary adder is shown in fig. 23. 



Fig. 23. A four bit binary adder. 

SUBTRACTION : In order to subtract two four-bit binary 
numbers e g. subtraction of b A b 9 b% b x from a x a d a% a x we first 
invert each 6-bit to get l*s complement of bib 3 b%b x i.e. 

biblbz~b\ and then add to a A a 3 a% a x in the following way : 

We know that subtraction of a number A from B is in fact the 
addition of A and — B. Thus an adder complements the magnitude 
of B and then magnitude of uncompensated number ( A) is added to 

the magnitude of the complement, B. If there is an overflow, 
called an end-around carry (EAC ), it is added to the least signi¬ 
ficant bit (Isb) digit of the sum and the sum will be of the same 
sign as that of the number that was not complemented (means 
the sign of A). Further if there is no EAC , the sum is comple¬ 
mented and the sign bit of the sum will be the same as that of the 
number that was complemented. A parallel four bit subtractor is 
shown in fig. 24. It uses four full adders and end around carry 
(EAC). 
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Fig. 24. A parallel four-bit subtractor. 

29 10 . SIMPLIFICATION USING KARNAUGH MAPS : 

In order to reduce the cost of implementing boolean func¬ 
tions, boolean-algebra reduction techniques arc employed. We 
discuss here a reduction short cut method, called Karnaugh-map 
reduction (pronounced kar no). It is an efficient way of reducing 
boolean functions to a minimum form so that minimum hardware 
is required to implement. 

A truth table shows the output for each input condition. A 
Karnaugh map shows the fundamental products needed to produce 
the output l’s for corresponding input conditions. 

Two Variable Karnaugh Maps : We shall cnnstruct a Karnaugh 
map from the truth table, taking as an example, of fig. 25 (a). The 
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first step is to write X followed by X in vertical column and Y 
followed by Y in horizontal row, as shown in fig. 25 ( b ). We shall 
now find fundamental product required to produce l’s output. 
From truth table we observe that output, 1, is for two inputs. 





Fundamental pro¬ 
duct for r§ output 

Entry in Map 

(i) 

1 

AT=10 

AT-10=11 = 1 

Enter 1 as shown 
in fig. 25 (r). It 

gives AT. 

(ii) 

1 

AT- II 

7 

7 

Enter 1 more in 
the position shown 
in fig. 25 ( d) so 
that it gives AT. 

(iii) For remaining spaces in the map. enter Os. These zero mean 
that fuuaamental products are not needed for the corresponding 
inputs AT=00 and AT-01. 


Thus fig. 25 (e) shows the complete Karnaugh map for truth table 
of fig. 25 (a). 

Multiple Variable Karnaugh Maps : We shall now construct 
a Karnaugh map for four input variables IF, X t Y and Z. We have 


W 

X 

y 

z 

A 

0 

0 

0 

0 

0 

0 

0 

o 

7 

7 

0 

0 

/ 

O 

o 

0 

0 

/ 

7 

0 

0 

/ 

o 

0 

o 

0 

7 

0 

7 

o 

0 

7 

/ 

O 

7 

0 

1 

/ 

/ 

/ 

7 

o 

0 

o 

o 

/ 

o 

o 

7 

o 

7 

0 

1 

O 

0 

/ 

0 

7 

7 

o 

7 

/ 

0 

O 

o 

7 

/ 

O 

7 

o 

/ 

/ 

/ 

0 

/ 

/ 

7 

/ 

/ 

o 


(a) Truth tabic 


yz yz vz 


wx 


WX 


WX 


WX 


/ 


o o o 

(/>) K-Map for truth table 
of fig. (a). 


Fig 26. I our variable Karnaugh map. 


yz 

o 

/ 

/ 

o 
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chosen four bit word because many digital computers use them. 
Truth table is shown in fig. 26 (a) and the corresponding A-map 

111 fi We 6 observe from fig. 26 (a) that output l’s appearjor inputs: 
H / ATZ=0001 so that fundamental products are : H' X YZ= 1111 = 1 

»wryz=oiio w'Ar yz=im=i 

WXYZ -0111 If'AT yz=llll = l 

Hwyz-mo iKiryz-uii-i 

These fundamental products have been shown in K-map 
fig. 26 ( b ). 

Pairs, Quads and Octets 

Pair: Refer to fig. 27 (a). It contains a pair of I s that 
are horizontally adjacent where 

first 1 represents the fundamental product WXYZ. 

\V X Y Z 

Thus'aswe move from first I to the second I. only one variable 

goes from uncomplemented form to complemented form (Z to 2) 
while other variables X, Y do not change. Whenever this 
happens, we can eliminate the variable that changes form, so that 
we can write the output a> 

A =WXYZ+WX YZ 
«WXY 

Similarly for fig. 27(6), 

a=WXYZ+ WXYZ 


« WYZ 

p 0 r fig. 27 (c), we have to separate pairs for which 

A={WXYZ+WXYZ1+[WXY Z+WX Y Z) 

= WXZ+WYZ 

Pair is never formed with diagonally adjacent I’s as they do not 
lead to any simplification. 

Quad : Refer to fig. 27 (d) and fig. 27 (e). A quad is a 
group of four l’s that are horizontally or vertically adjacent. 
Complements in products drop out of the Boolean equation. Thus 
for quad in fig. 27 (c/), we have 

A = WXY Z+ WXYZ A- WXYZ A- WXYZ 
= WX 


because Y and Z have been complimented and so drop out. We 
can see that how simplified becomes the expression for A after the 
reduction. 
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Octet: Refer to fig. 21(f) and 27 (g). An octet is a group of 
eight adjacent l*s as shown in fig. 27 (/). The output, A , for this 
octet is 

A=WXYZ+ WXYZ+ WXYZ+ WXYZ+ WXYZ -f WXYZ 

+ WXYZ+ WXYZ 
= W 

because each variable except W has been complemented and so 
drop out. 



yz 

YZ 

yz yz 


YZYZYl 

YZ 


yz yz yz yz 

wx 

o 

O 

o 0 

ivx 

o 

o 

0 

0 WX 

c 

1 0 

. 0 0 

wx 

0 

0 

o 0 

wx 

0 

o 

0 

o wx 

0 

1 a 

ZD ° 

wx 

0 

0 

CD 

wx 

0 

0 

0 


p 

) c 

> O 0 

wx 

o 

0 

0 o 

wx 

o 

0 

0 


li 

J c 

» 0 0 



(o) 

Pair 



(*) 

Pair 



(C) 

Pair 


YZ 

YZ 

yz YZ 





YZ 

yz yz yz 

wx 

0 

0 

O O 





WX 

rs" 

0 

0 0 

wx 

0 

0 

0 0 

\ 




wx 

c 

) 

0 

0 0 

wx 

cn 

t 

7 7 

1 




wx 


1 

/ 

0 0 

H/X 

o 

0 

o o 





wx 


7_ 

/ 

O 0 


(d) 

Quad 







(e) 

Quad 


YZ 

YZ 

YZ YZ 





yz yz yz yz 

WX 

0 

0 

0 0 





wx 

wx 

c 

) 

0 

0 0 

WX 

0 

O 

0 o 





1 

t 


; / 

wx 

IT 

/ 

/ / 





wx 

i 

» 

±1 

/ / 

wx 


/ 

/ / 





wx 

c 

r" 

0 

0 o 


(/) Octet (g) Octet Rolling 

Fig. 27. Pair, quad and octet. 

Karnaugh Rolling : Thus for simplified Boolean expression, 
we look in K-map for octets, thin for quads and finally for pairs 
and encircle them. If possible roll and overlap to get the largest 
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groups, 
we take 


Fig. 28. Use of rolling and overlapping. 

Fie 28 shows an efficient way to encircle groups, 
octet and pair in it then output 


If 


A=(WXYZ+WXYZ)^, 

+ [! VXYZ+WXYZ+ WXY Z + WXY2 
+ WXYZ+ WXYZ+ WX Y Z+WX YZ] or ,n 

__xyz +T 

But still more reduction can be achieved if rolling and overlapping 

is done. Then _ 

A =T (for octet .bove)+[^Z+ WXYZ+ WXYZ+ WXYZ),^ 

= ?+*Z 



yz 

YZ 

yz 

_Y£ 

wx 

o 

o 

o 

0 

wx 

0 

o 

/ 

o 

wx 

/ 

/ 

/ 

/ 

wx 

0 

/ 

/ 

/ 


(a) 


?z yz vz YZ 







ivx 

o 

0 

0 

0 




/ 

"Pair 

wx 

*° 

0 

/ 

o 

wx 

7 

/ 

7 

/ 

wx 

0 

/ 

/ 

i 


0 

( 6 ) 


Fig. 29. K-map and formation of quads and a pair. 
Simplification of Boolean equation and its realisation through 
gates : Let us take a K-map shown in fig. 29 (a). In it there are 

no octets but there are three quads using overlapping technique 
The remaining one is made a part of overlapped pair fig. 29 (o). 
The horizontal quad denoted by a corresponds to the simplified 
product WX, the left square quad denoted by p corresponds to W 7 
and right square quad denoted by y corresponds to WY. I he 





m+Y*z) 

+xyz 

eq(2) 


Fig. 30(6). Realisation of Boolean eq. (2). 

29 11. DONT-CARE CONDmONS/DECODER : 

Sometimes a problem, before any circuitry is developed, is 
transformed into a truth table. This involves selecting input and 
output variables and assigning meaning to numerical values of 
T and ‘O’ that these variables may assume. Further, as no entry 
in the truth table can be left vacant (in such a way of defining a 
problem), we have to account for all possible input conditions. 
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desired logic operation, the output value is 

condition or state' and is denoted by x in a K-map. The designer 
has a flexibility to assume a value ‘O' or a *1 as output for these 
input conditions and the mark x in an enclosure of K-map may 
bc P assumed a 1 or a 0 depending upon which one leads to a 
simpler expression, i.e., 1 or 0 value may be assigned^ t0 each x 
state in so far as it facilitates enlarging the K-map enclosure and 
(eg.,a. quad) the function (boolean expression) is minimised. 
What we have described above will become clear from the follow¬ 
ing discussion on a decoder. 

A Decoder: In digital systems, instructions as well as numbers 
are conveyed by means of binary levels or pulse trains. In BCD 
(Art. 29 4) we use a 4-bit character. The 4-bits ir. binary can be arra¬ 
nged in 16 distinct ways and therefore 16 different instructions can 
be coded (16 codes) in a binary form We may design the circuitsi in 
such a way that for each of the 16 codes, one and only one line s 
to be excited. This process of identifying a particular code is 

called decoding. 

Suppose a decoder (fig. 31) produces I output only for a BCD 
input of 1001 (equivalent to decimal 9) [note that in BCD, binary 

number are from 0000 to 1001 Truth lable 

(art. 29-4) and number 1010 C ; TTT 
through 1111 cannot occur for- 

normal operation) so that truth o o o o o 

table is as shown in fig. 32. o o o i o 

We use Karnaugh map to find 

the logic circuit inside the 00,00 

decoder (of fig. 31). We have 0 o i « o 

1 output only for one input 

condition oiooo 

WXYZ= 100\ oioio 


X Y Z 


OECOOER 
1 OUTPUT 
ONLY FOR 
1001 INPUT 



Fig. 31. 


Fig. 32. 


Refcring to fig. 33 (a), the fundamental product for this is WX YZ. 
Fig. 33(a) also shows ‘0*s corresponding to other input condi¬ 
tions of the truth table. The empty spaces refer to the forbidden 
BCD inputs, not listed in the truth table. 
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Since forbidden BCD inputs do not occur under norma! oper¬ 
ating conditions, these empty spaces of K-map can be treated as ‘ 0's 
or *1's, whichever is more convenient and mark them by x the don't 
care conditions (fig. 33b). We can use these ‘ x * to the best possible 
advantage by following these ideas: 

(/) Enter Ts on K-map for fundamental produuts that pro¬ 
duce output Ts in the truth table. Enter 4 0*s for the other inputs 
listed in the truth table, and enter ‘x’s for the forbidden inputs. 

(it) Encircle the actual ‘Ts on the K-map in the largest 
groups we can find by treating the don’t care conditions as Ts. 

(///) After actual Ts have been included in groups, disregard 
the remaining don’t cares by visualising them as ‘0’s. 



Y 2 

YZ 

Y Z 

YZ 


YZ 

YZ 

YZ 

•YZ 


YZ 

YZ 

YZ 

YZ 

W X 

0 

0 

0 

0 

w X 

0 

0 

0 

0 

w X 

0 

0 

0 

0 

w X 

0 

0 

0 

0 

w X 

0 

0 

0 

0 

W X 

0 

0 

0 

0 

W X 





W X 

X 

X 

X 

X 

wx 

X 

-1 

X l 

xl 

1 

1 

_. X J 

X 

W X 

0 

1 



W X 

0 

1 

X 

X 

w X 

0 

1 

t 1 

L_ 

X 


Fig. 33(<i) Fig.33(6) Fig. 33(c) 

Thus, as pointed out in point (ii) above, we include 1 in a 
quad (fig. 33c) and form the largest group by visualising all' X’s 
(that are included in the quad) as Ts. Therefore boolean equation 
will be 

A-WXYZ+ WXYZ+ IVXYZ+ WXYZ 

Because X and Y have been 
complemented, they drop out 
and therefore reduced express¬ 
ion is 

A=WZ 

which is the output of an AND 
gate (fig. 34), which gives that 
when W and Z both are Ts Fig. 34. An AND gate for 

(which happens only for a BCD decoding 1001. 

input of 1001) the output A equal a 1. 

Decoding 0111 : 

The simplest logic circuit for decoding a BCD input of 0111 
as a 1 output is shown in fig. 35, with K-map. The most efficient 
way to encircle is to group 1 into a pair using the don’t care as 
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The three input gate produced output only for a BCD input of 

0111 . 

92 yz YZ V2_ 


X Y Z 



wx 

wx 

wx 

wx 


0 

0 

X 

0 


0 

0 

X 

X 


Fig. 35. Decoding 0111. 

2912. DIGITAL COMPARATOR : 

Considering 3 " fnd * ‘JlS numbers P (either 1 or 0) as input to 
EMe NOR gate, t he gate's output ,s 

y=ab+ab 

= 1 if A = B 

=0 if A*B 

Thus this gate acts as equality detector. 

For A > B condition is given by CAB 

A > B e.g. A= 1. condition is determined from C^AB 

B =0 =IM-1 

if a < B e g. A=0 then C=0 0=0 

B= 1 

or A=B, e.g.A = l then C= 10-0 
fl= 1 

r> Similarly, the restriction A < B is determined from 
D=AB 


or 


A < B f 

e.g. A=0 
B= 1 

then /)= 1*1 = 1 

A > B t 

e.g. A = \ 
B= 0 

D= 00=0 

CQ 

11 

e.g. A = l 
B=\ 

Z)=01=0 
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Thus we get three conditions : 

(/) For A=B , Y=AB+AB output of Ex. NOR gate goes 

high (al) 

(//) For A > B t C=AB ^output of AND gate goes 

(iff) For A < B, D=AB J high (fll) 

They have been implemented through a logic system shown 

in fig. 36. It consists two inverters (to get A or B), two AND 
gates (for C and D) and an Ex. NOR gate (for Y). 



Fig. 36. 1-bit digital comparator. 

Let us now consider a 2-bit comparator; A having A q Ai (e.g. 
(00, 01, 10, 11) and B having bits B 0 Bt. 

(i) a=B requires that : 

A 0 =B 0 and A\=B\ 

so that output Y=Y 0 Kj = 1 if A=B 


because 


Y 0 —A 0 B 0 +A 0 B 0 = 1 if Aq—Bq 


and Y\ = A\B\+A\Bi = \ if A\—B\ 

so that when applied to an AND gate, we shall get 

Y=Y 0 Yy =1 if Y 0 = \ and Ti=l 
that is, A 0 —B 0 and A t =Bi 

Therefore Y= 1 if A = B 1 

=0 if A*B f 

(ii) A > B requires that 


Ai > B t (MSB) or At=B t and A 0 > B 0 
so that output is given by the expression 
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where AqB q =\ if i4 0 =l,5 0 —0 Le. A 0 > B^ 

and Y\=\ as A\=Bi 

therefore C=Y\ A 0 B 0 =\ if A > B I p. 

=0 if A <BotA=B\ 9 

(iii) A < B requires that: 

A v < By (MSB) or Ay=B x and A 0 < B 0 

so that output is given by the expression 

D= YyA 0 B 0 

where A 0 B 0 = 1 if ^o=° and B o = 1 A o < B o 

and Y\= 1 if A\=B\ 

therefore D=Y,A 0 B 0 ^ if J < * „ A=B ) ... (3 , 

From eqs. (1), (2) and (3), the truth table of a 2-bit digital 
comparator (fig. 37 a) can be written like (fig. 37 b). 

Truth table of a 2-bit Comparator 



Fig. 37. ( a ) Block diagram of 
2-bit comparator. 


Fig. 37. ( b ) Truth table of a 2-bit 
comparator. 
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2913. MULTIPLEXER (Data Selector) : 

One transmission line can be used to carry several digital 
signals such that no two signals can be sent at exactly the same 
time. Instead, line is used in short intervals at prescribed times 
by each signal. The circuitry which selects one of several signals 
at the transmitting end is referred to as a multiplexer. At the 
receiving end, a demultiplexer places the received signal on one ot 
several output lines. Multiplexer and de-multiplexer must be 
coordinated to change in the same for correct transmission which 
requires that one or more control lines must be provided in 
addition to the transmission line. We shall describe a digital 
multiplexer which will select one of several binary digital signals 
for transmission over a single line. 

Consider the design 
of a two line*to-one line 
multiplexer, represented 
in fig. 38 (a). The opera¬ 
tion is to allow a signal 
present on the selected 
line to pass to the output, 
while the unselected line Fig. 38. (a) Two line to one line 
is ignored. multiplexer. 

Let C represent control line, A and B the inputs, and Y the 
output, then equation to describe the desired operation is 

Y=CA+CB 

(/) if C=0 then CB ~0 

and CA—A 

so that input A is selected. 

(//) if C- 1 then CB=B 

and C/l=0 

so that input B is selected. 

We note that only one input is selected at a time with the 
help of control line. Logic circuit of fig. 38 (a) is given in fig. 
38 (/>). 




Fig. 38 (6) Logic circuit of two line to one line multiplexer. 
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Following the same basic pattern a 4 :1 multiplexer (four 
line-to-one) can be designed. It is shown in fig. 38 (c) with its 
truth table. 

The output, T, is expressed as 
y=C I C 0 D+ClC 0 C+C l C 0 B+C 1 C 0 .4 



Fig. 38 (c). 4 : 1 multiplexer. 


29 14. DEMULTIPLEXER 

The demultiplexer performs the reverse operation of a 
multiplexer. It accepts a single input and distributes it over 
several outputs. It is done with the help of control line. A 
circuit for one line-to-two line demultiplexer is shown in fig. 39. 
The unselected outputs are to remain at logic 0. If C represents the 
control line, X the input, and A and B the outputs, two equations 
can be written to describe the desired operation : 

ffl=0 

A=CX _> if C=0, \a=X, i.e. signal goes to A line 

lB=X t i.e. signal goes to B line 
and B=CX [-> if C=1 \A=0 

Thus only one output is selected at a time. At no time will 
both or neither outputs be selected simultaneously. The logic 
circuit is shown in fig. 39. 
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Fig. 39. 

A 1 : 4 demultiplexer is shown in fig. 40, with its truth table. 


Truth Table 


Cl Co 

A B C D 

0 0 

0 1 

1 0 

1 1 

0 0 0 X 

0 0X0 
0X0 0 

X 0 0 0 



Fig. 40. 1:4 demultiplexer. 

29 15. LOGIC GATE PARAMETERS 

There are a number of logic circuit families available from 
various manufacturers. Choice between them is based on the 
consideration of following parameters : 

(i) Fan-in and Fan-out: The maximum number of inputs 
which can be applied to logic gate is known as Fan-in. Thus a 
3-input NAND gate has fan-in of 3. 

The fan-out of a logic gate is the number of gates that can be 
driven by it. Thus, if a fan-out of a typical NOR gate is ‘6*, then 
it implies that this NOR gate can drive 6 such NOR gates. 

(ii) Noise Margin : It is the property of logic circuit to 
withstand unwanted noise signals at input and is the maximum 
value of noise signals which a system can reject with performance 
unaffected. 
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fiiil Noise Immunity : It is the voltage which when applied 

as the input of a logic gate will cause the output to change 

output state for a given supply voltage. 

tivi Propagation Delay Times : This determines how fast 

between the'appeara'nce ofThe output and the“a!£n of input 
to the gate. This time interval is called propagation delay^ 

"in" .pp^« 

gates arc used in cascade. 

power Dissipation : From the point of view thermal, 

requires^hfgher^power ancTthercfore a compromise between ope- 
rating speed and power dissipation is desirable. 

29 16. LOGIC FAMILIES 

A number of logic families arc available in the market. Resis¬ 
tor Translator Uric (RTL) was the first family of logic circuits 
estabbshed. 10 ^! offered high performance but 
The next family introduced was Diode Transistor Logic (LUL) 
which was slow but having better noise margins and larger fan¬ 
outs. The third to be introduced was Transis or^ Tran!sis to 
I noir rTTI1 This provided greater operating speed thanDTL. It i 
the^most^popularl^uscd industrial family. Thus logic families 
are dass'ficd" according to the various characteristics and for a 
particular application, proper choice may be made. 

It is to be remembered that logical 1 and 0 arc presented m 
most modern logic systems, by voltage levels. Positive ogtc (for 
active high levels) means that the most positive lopic voltage level 
(also referred to as the high level) is defined to be the logical 1 
state and the most negative logic voltage level (also referred to as 
the low level) defined to be the logical 0 state. Negative logic is 
just the opposite-high level is a 0 and low level is a 1. It is the 
preference of the designer to opt for positive or negat ive logic 


•Consider for example the 
levels shown in fig. (a), *hc more 
positive voltage is the 1 level (5V). 
and the other is the 0 level (0 2 V). 
This system is said to employ 
Positive logic. On the other hand 
fig. (*>) a n example of Negative 


vt»i -sv 


V (0) • 0 2V_| 

(<*) 


V(0) -SV 


V(1| • 0 2V 


0) 


Jig. [[)) is ail CAani|»iv vi 

logic. Here it must be emphasized that the 0 state need not represent a zero 
voltage level but represents the low level. 
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29 16-1. RESISTOR TRANSISTOR LOGIC (RTL): 

In this family logic is performed by resistors and transistors 
and we can realise inverters, NOR and NAND logic functions. 

A typical NOR/NAND circuit is shown in fig. 41. The 
eating is performed by resistors, and, in this case, the gate itselt 
(R u Ri, R 3 and R,) is a negative OR a positive AND gate, depen- 
ding upon the definition. 

Operation: If all inputs arc at zero (ground), then divider 

action of the resistors places a positive voltage on the base of pnp 
transistor and it is off. Thus the input is at—K ce . 

Now if any input goes negative, the transistor conducts and 
the output falls to ground. If more inputs go negative, the output 
remains at ground. Thus if A OR B OR C goes negative the 
output is at ground (NOR). Conversely, if A AND B AINU c 
are at ground, the output is at — V (C (NAND). 



Fig. 41. RTLJcircuit. 

Another RTL NOR gate is shown in fig. 42 using npn tran¬ 
sistors. If input A is high, Q x will conduct and output at P will 
be grounded. Similarly if B is high, Q z will conduct and place the 
output at P to ground. 

Parameters: Referring to fig. 42, parameters of the logic 


circuit arc : 

Fan-out 
Noise Margin 
Propagation Delay 
Power Dissipation 
Power Supply voltage 

O'cc) 


4 

0-2 volts 
12 n sec 
30-100 mW 
3-S volts 
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Fig. 42. RTL circuit. 


Advantages and Disadvantages : 

In RTL resistors slow is the switching speed 
Thus RTL have low operating speed. Since there 
tors to isolate one signal from another, there is 
cross talk between inputs i.e. when input A\s led, a 
can be evident at input B. Consequently, RTL has 
noise immunity. The advantages of RTL is its low 
tion. 


of the circuit, 
are only resis- 
a possibility of 
voltage change 
relatively poor 
power dissipa- 


29 26-2. DIODE-TRANSISTOR LOGIC (DTL) : 

DTL logic circuits are shown below. DTL AND circuit is 
shown in fig. 43, DTL OR circuit is shown in fig. 44 and DTL, 
NAND circuit is shown in iig. 45. 

We assume positive logic inputs of +5K for the logic state 1, 
and 0 l / or ground for logic state 0. 

DTL AND Circuit : Circuit is shown in fig. 43. If any input 

is at ground or logic 0, 
its diode is forward bia¬ 
sed through R t . Conse¬ 
quently voltage at X is 
clamped to ground and 
the transistor is cut off. 

The output is low (at 
logic 0). 

If all inputs arc at 
logic 1 ( + 510, diodes 
do not conduct and vol- 
tayc at X is + 5V (logic 
1 level). The transistor 
conducts heavily to satur¬ 
ation SO that output is Fig. 43. DTL AND circuit, 

high (at logic 1). 

DTL OR Circuit : Circuit is shown in fig. 44. 

If any input is at logic 1 (+5V) t its diode is conducting and 
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+ 5F appears at X. The transistor is in saturation and the output 
is high (at logic 1). If all inputs are at ground (logic 0), all diodes 
do not conduct and the voltage at X is zero. Consequently, the 
transistor is off and the output is low (at logic 0). 

DTL NAND circuit: 

Circuit is shown in fig. 45. If any input is at ground (logic 0) 
its diode will be forward biased, voltage at X is clamped to ground 
and the transistor Q\ is cut off. This prevents any base current 
being provided to Q t . Thusg 2 will be cut off, leaving point D high 
(logic state —1). 




Parameters: Fan out 8 

Noise Margin 0 7 V 

Propagation Delay 30 n sec. 

Power Dissipation 60 m W 


Power Supply Voltage(V cc ) +5 V 
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Advantages and Disadvantages : ... 

The DTL circuit switches faster than the RTL circuit 
the signal passes through the low forward resistance of the diodes 
!o ,he 8 transistor. A fanout as high as 8 is possible because of the 
high input impedance of the subsequent gates in the 1 s '® tc -*J se 
of diodes rather than resistors and capacitors makes thet DTL 
circuit more economical in integrated circuit form. has low 
power dissipation . 

Disadvantages of this circuit is its poor noise margin and low 
operating speed. 

2916-3. TRANSISTOR TRANSISTOR LOGIC (TTL) : 

A TTL NAND gate is shown in fig. 46. It uses a multipk- 
emitter configuration for an input transistor inplace of diodes ol 
DTL, giving greater speed of switching. 



Fig. 46. TTL NAND circuit 


Operation : 

If both A and B are high (logical 1) then (?i has no emitter 
current, but its base-collector junction is forward biased and there¬ 
fore it will supply a base current to Q 2 which, in turn, feeds base 
current to Q x , causing it to conduct. We get an output. Note that 
collector of Q% goes low and cuts off Q 3 . 

If either A or B goes low (logical 0). then Q x will have base- 
emitter current placing Q 2 to ground and thus Q 2 is cut off. Conse¬ 
quently. collector of Q t will go high and cause Q 3 to conduct and 
Q x to cut off. Thus we again get an output. 
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Thus we get an output in both the cases. 

Parameters : 

Fan out 10 

Noise Margin 0*4 V 

Propagation Delay 710 n sec. 

Power Dissipation 100 m W 

Power Supply Voltage + 5V 

Advantages: 

The multiple-emitter transistor replaces combinations of 
diodes, resistors, and transistors found in other logic circuits. Thus 
its geometrical size is small. Smaller size yields lower costs or 
more functions or both per given IC chip. Other than low cost 
advantage, it has high operating speed, and high fan out. 


29 16 4. EMITER COUPLFD LOGIC (ECL): 

This logic is designed for fast switching speed. It is the only 
family that does not operate fully saturated or cutoff. Output 
levels are -0 8 V for logical 1 and — 1 *8 V for logical 0. A basic 
emitter-coupled logic gate is shown in fig. 47. 



Fig 47. Basic ECL Circuit. 

The emitters of logic transistor Q x% Q> and Q 3 are coupled to 
the emitter of a reference transistor Q x . The common-emitter 
resistor Re is large and acts as a constant-current source. The base 
of Q a is connected to a reference voltage V bb . 

Operation : 

If all the inputs are near ground potential (logical o), Qu Q* 
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and Q, arc cu, off. No current flows 

SFSXS&'Z K“?from the emitter of ft goes positive 

10 Ke'r: 

assoclated^transistor of that input- The coHector iwtentia^ wflHhen 

fall, causing a fall in output trom the emitter o! y 5 - S 

logical 0 output. 

AdV "w l !.V!hat emitter coupling prevents the transistors from going 

into saturation because, with Re acting as constant current^source, 

allowing a very high fan out of upto 25. 

operating speed, f 

29.17. SEQUENTIAL CIRCUITS : 

The five basic logic gates (AND. OR. INVERTER NAND 

Sf the external inputs as well as the present state o, „s outputs. 
which are fedback. 

Combinational logic circuits have no memory and can operate 
as fast as the devices of which they arc made, whereas sequential 
?oeic circuits have memory and are generally made to operate at 
the speed of a master clock which provides square wave tinting 
pulses. There are two types of sequential logic circuits . synchro¬ 
nous (timed or clocked) and asynchronous (untimed). In the 
forthcoming articles, we shall describe sequential circuits. 

29 18. FLIP-FLOP (BISTABLE or MEMORY CIRCUIT) : 

S-R FLIP-FLOP : 

A bistable multivibrator or flip-flop has two stable states and 
can stay in one of the two possible states after an input has been 
applied. Since the state does not change following the removal ot 
the input, the flip-flop is a I -bit memory or storage device. 

Let us describe a SR bistable multivibrator circuit. Its opera¬ 
tion that follows is asynchronous. The way in which it is labelled 
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is shown in fig. 48. This is 
most basic and useful sequen¬ 
tial logic circuit, consisting 
two cross-coupled NOR gates 
(can also have two cross 
coupled NAND gates). It 
has two inputs : the S (set) 
and R (reset) inputs and two 
outputs, which are comple¬ 
mentary to each other, deno¬ 
ted by 0 and 0. 

Since sequential logic 
circuits have feedback, the 

output signals (on logic lines 0 and 0) not only depend on the exter¬ 
nal input signals (on logic lines 5 and R) but also on the initial output 

signals (on logic lines 0 and 0 themselves). The initial signals on 

logic lines 0 and 0 are referred to as the present state signals or 
simply the present state. After 5 OR R or both S AND R change, 

the signals that appear on logic lines 0 and 0 are called the next 
state signals or simply the next state. We shall use Q„ and 0n+i 
to denote the present and next state of the flip-flop. Since it may 
store one bit of information (either 0=0 or 0= 1) it is called as 
1 -bit memory, and since this information is locked or latched, this 
flip-flop is also called S-R latch. An S-R latch is called an asyn¬ 
chronous circuit since its inputs are not timed or synchronised. 

S-R latch circuit (fig. 48) has four different input possibilities 

(but only two states, high and low for output logic line 0 or0). 
The outputs for these four possible inputs are being described 
below : 

(i) As long as both input lines S and R carry 0 signals, the 
flip-flop remains in the same state, for 5=0 and R= 0, value 
of 0 is unchanged and 0, +1 = 0 n . 

(ii) A signal on the R line and a 0 signal on the 5 line cause 
the flip-flop to reset to the 0 state, ie. % for R= 1, and 5=0, 
regardless of the values of 0*, 0„ f , will be equal to 0. 

(iii) For inputs 5= I and R = 0, regardless of the values of 
Qn , 0 /»+1 will be equal to I. 

(iv) “Inputs 5=1 and R=I at the same time is forbidden. If 
this occurs flip-flop can go to either state because input is telling 
the flip-flop to go to both set and reset at the same time. Thus 

for 5=1, R—l, 0» +l = 0n +l =O or 1 which is not allowed. We can 
put above output/input correspondence in a truth table (for fig. 48) 



Fig. 48. S-R latch logic circuit using 
two cross coupled NOR gates. 
R-reset, 5-set inputs. Q and 
~Q outputs. 
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as follows : 


State /s foe 
some as 
before 


*-Not ctef/red 


5 

R 

Q 

Q 

O 

o 

Q 

Q 

0 

/ 

0 

i 

/ 

o 

/ 

o 

/ 

/ 

NO 

NO 


Thus we conclude that: 

latch is a two state sequential circuit. For /C=u 
orwi <?-n the next state is equal to the present state of the circuit. 
Th^the'next slate of this circuit is a function of its present inputs 
and its present state. 

(ii) S-R latch state time depends solely upon the delays ol 
the two NOR gates and is thus asynchronous. 

(iii) S-R latch is a memory element. To slore a . 

' o_n an a D— i and to store a binary digit 1 we apply 

sl a | P a P nd R=-0. Thus information remains in the latch asi longas 
fta inputt * and S are kept at 0 and the power supply to the 
device is kept on. 

The operation of SR latch is more easily followed by the 
circuit representation of fig. 48. This is shown in fig. 4 . 



Fig. 49. Circuit representation of fig. 48. 

To produce a logic 1 at the output terminal Q and a logic 0 

at the output terminal Q. it is necessary that Q t be conducting 
strongly and that g, be cut-off. To achieve this state, we can apply 
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many operations. This provides the time for certain operations 
to take place within the „„/,//*/*/> 

computer. 

(iii) in clocked flipflop, 
the change of state on 
applying an input can take 
place only during the appli¬ 
cation of a clock pulse or 
change of stale occurrs only 

on the rising and falling 

edge of the clock pulse. If. 
following one clock pulse, a 
flip flop output is designated 
by Qr the state following 


’'Ut 

t 

f 








Qk 


@K+1 


f 3 ac sec- 
O' 3 ac sec . 

Fig 50 A typical clock pulse (CP) 
waveform. 


bv Vn> me siaic n 

the next clock pulse is designated as Q, 

29 20 RS/T FLIP FLOP or CLOCKED FLIP FLOP : 
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, c ' j-r--+& 

Positive peat . J —It— 0 t f -0 

U ***l2gt 


Native pea* J J_' «%* & 

Fig. 51 ( b) Action of C,K, on clock pulse. 



ing circuit. At positive peak, the diode D x will not conduct because 
positive voltage is being applied to the cathode of the diode. But 
at negative peak diode will conduct and the negative pulse will 
reach the base of Q x so that Q x is brought into cut off while Q 2 is 
turned on. 

Note that effect of clock pulse on 5 is different. At leading 
edge of the clock pulse voltage rises to + Vcc and it simply counter¬ 
balances the + V C c voltage of point S and so no current flows in 
C 2 R 2 circuit. At lagging edge of clock pulse, voltage falls to zero 
and negative pulse developed in C 2 R 2 circuit simply brings the 
voltage at the junction of C 2 R 2 close to zero but this does not 
produce sufficient voltage to turn D 2 on. Thus Q 2 is not affected 
by the incoming clock pulse. 

Suppose now voltages at R and 5 are reversed i.e. R is at 
logic 1 and 5 is at logic 0, then due to clocked pulse, Q 2 will be 
turned off while Q x will be brought into conduction. 

To apply logic 0 to R and logic-1 to S or vice versa , we simply 
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connect them to output terminals Q and Q because such voltages 
are already available at these terminals. Then circuit appears as 

shown in fig. 51 (c). Hence if we connect terminal 5 to Q and R 
to 6, the voltages at R and S terminals would be ^rrect and all 
incoming clock pulses from clock generator will be directed to the 
proper transistor, determining which transistor will conduct or 

cut off. Thus condition of output voltage at Q and Q is directly 
determined by the incoming clock pulses . and every time such a 
pulse is applied , there is a change in the voltage condition at these 
output terminals. Thus clock pulse controls the action of flip flop. 

A Gate Circuit : A functional block diagram of a clocked 
R-S flip flop is shown in fig. 51 (d), along with its symbol. The 
truth table is given in fig 51 (e). Us circuit consists of a NAND 
cate R-S flip flop whose input are gated (steered) by the clock 
pulses fed into two additional NAND gates. Due to inversion at 

input gates. Q now appears on the ‘same line* as S while Q on 
the ‘same line* as R (in contrast to R S flip flop. Sec fig. 48). 





s 

mi 

□ 

0 



/ 

/ 

H 

□ 

O 

n 

El 

• 


cjo 51 id) Clocked R-S flip flop wiih Fig 51 (e) Tiuih table of clocked 
symbol. H'P A°P' 

In its symbol, two additional inputs (not shown in the circuit) 
called direct set (, S D ) and direct clear (Co) are shown They permit 
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direct setting and clearing of the flip flop without regard to clock 
pulse input. If it is desired to clear the latch/.*., the output be 
0=0 when CP=0. then operation is performed by programing 
the clear input (Cp) to 0 and preset input (Sp) to 1 (that is, 
= 0, S D = I and CP^O). Similarly, if it is desired to preset the 
latch into 1 state then operation is performed by programming 
S D = 0, C/>= I and CP= 0. The Sp and C D inputs are called direct 
or asynshronons inputs as they are not in synchronism with the 
clock but may be applied at any time in between clock pulses. 
Once the slate of flip flop is established (asynchronously) the 
direct input can be maintained atS D =land Cp= 1 befo e the 
next pulse arrives inorder to ‘enable’ the flip flop. 

The transitions of the states of the clocked R S flip flop can be 
discribcd by its truth table. The condition R=S= I results in 
undeterminate state. The reason is as follows. With inputs 
P=S = I. the outputs of the first two NAND gates will be 0 when 
clock pulse is applied. Consequently, both outputs from the 
second two NAND gates will be I, indicating cut off in the output 
transistors. Now after the passage of clock pulse, both of the 
output transistors will try to go into conduction and since due to 
circuit imbalance one transistor will go into saturation faster than 
the other, the resultant state will remain indeterminate. Thus a 
condition R^S I must be avoided in R-S flip flops. A method 
to avoid this ambiguity of output for 1-1 input is found in J-K 
flip flop. 

29 21. JK FLIP FLOP: 

Fig. 52 (a) shows the block diagram, symbol and truth table 
of a J-K flip flop. It is simply an R-S flip flop with two AND gates 
at the inputs. 

We note that there arc cross connections from output to J-K 

inputs. O is connected to J input while Q is connected to K input. 
Its effect is that it provides a means of steering I-1 input to the 
necessary S or R terminal to provide a change of state at the out¬ 
put. For example, suppose before CP is applied 

0=1. and 0=*O 
and I — 1 input at J and K 

then, as they are AND gates, at the input of 

./ gate is 1, 0 
K gate is 1, 1 

so that at outputs of these gates, 

S will be 0 (low) 

R will be 1 (high) 

and when the next clock pulse arrives, this will make the outputs 
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of flip-flop 


i 


onH Q = 1 • 

Thus a change of state has purred, jf. means 

sfate loThe o.be P r P a, each CP . This property makes it very useful 

%&&&&&&£& 
art. 29-24 in counters. 



(a) Block diagram 



(b) Symbol. <«» Truth tabic. 

Fig. 52. J-K nip-flop. 


29-22. MASTER SLAVE J-K FLIP-FLOP : 

In some clocked J-K flip-flops, there may still be some ambi- 
nuitv in the output when J=K=l input is applied. This arises 
due to a race around condition in which the change in state of 


signals Q, Q fedback from output to input of AND gates on 
applying CP, may cause an oscillatory condition for the duration 
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of the clock pulse (CP). Therefore when CP ends, outputs may be 
quite arbitrary , depending upon the propagation delay through the 
flip flop and the duration of CP. 

A circuit to avoid this race around condition is called a J-K 
master slave flip-flop. Its simplified diagram is shown in fig. 53, 
while a bit descriptive in fig. 54. 


Preset 



Fig. 53. Simplified block diagram of J-K master slave flip-flop. 

As is obvious from the figure 54, at the input of the slave, 

trigger (CP) appears after inversion. As 7*1, T will be 0. There¬ 
fore slave R-S flip-flop cannot change its state (inhibited) and Q n 
is invariant for pulse duration. This is the situation when master 
is enabled. But when trigger pulse passes, T= 0 so that master is 

inhibited and as T= 1, slave will be enabled. Since slave is a R-S 
flip-flop, its operation follows R S flip-flop truth table. 

If S=Q m =\ and R=Q m =Q 
then 2=1 and Q=0 

If S=2m=0 and R=Q m = I 
then Q=0 and 2=1 

Thus in the interval between clock pulses, the value of Q ,nis trans¬ 
ferred to the output 2 (or Q m is transferred as Q ) Erratic beha¬ 
viour does not occur during the clock pulse, because the cross con¬ 
nected feedback is from the output of the slave to the input of the 

master. Since the outputs Q and Q do not change during the clock 
pulse, no oscillations can take place. Thus possibility of arbitrary out 
puts when CP ends are removed. 
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The D-type Flip-Flop : In this type of flip-flop, there is no 
nn«ihili,v of ambiguous state. This is achieved by providing J.K. 
S?n floD with an inverter on one of the input lines. Thus only one 
2ata "nput (£» to the flip flop is necessary. Its symbol is shown in 

fig. 55. 



Fig. 55. Symbol of D-lypc flip flop. 

If D-^ \ (and 0=0) then 0 does not become l until CP =1. 
That is, the output after CP, equals the input at D before CP. 
Therefore it is thought of as a delay (D) type of flip flop. The bit 
on D line is transferred to the output at the next clock pulse and 
hence this unit functions as a 1-bit delay device and is used as a 
temporary storage device. It is known as a 1-bit bistable latch. 

SHIFT REGISTER : TRANSFER OPERATION OF 
FLIP-FLOPS : 


2923. 


In digital systems, we frequently need transfer of data from 
one flip-flop (or group of flip flops) to another flip-flop (or group 
of flip-flops). In J-K flip-flop, the transfer operation is shown in 
fig 56. The data stored in FF/A is transferred to FF/B at the 
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falling edge of trans r er 
pulse. It implies that 
the B output after the 
pulse occurs will be the 
same as what the A out¬ 
put was prior to the pulse. 

As clock pulse input per¬ 
forms this transfer oper¬ 
ation. this type of 
transfer operation is called 
synchronous transfer. 

Shif Register : Sets of flip-flops that are used to store some 
particular croup of (Vs and I’s. i.e., a binary number, are called 
registers. There must be one flip-flop for each bit in the binary 
number. For example, a register used to store a 4-bit binary 
number must have four flip-flops. These flip-flops must be con¬ 
nected such that the binary number can be entered (shifted) into 
the register and possibly shifted out. A group of flip-flops 
connected to provide shifting in or out is called a shift register. 

Fig. 57 illustrates transfer operation using D- type flip-flops. 
Register X consists of three flip-flops Xu X* and .V 3 . Register F 
consists another set of three flip-flops F l; F* and F 3 . Soon as the 
transfer pulse is applied, the data stored in A'i is transferred to Y j, 
from Xi to Yi and from A* to F 3 . Thus data stored in AT,, X 2 and 
,V 3 are transferred simultaneously into Yu F* and F 3 . This type 
of shifting is called parallel shifting. There may also be series 



l ie. 57. Parallel shifting. 

shifting in which contents of .V-registcr would be transferred to 
F-register - one hit at a time , beginning with either the LSB or 
MSB. Thus there are two ways to shift the data into a register, 
namely parallel and scries, and similarly there are two ways to 
shift the data out of the register. In this way, there can be follow¬ 
ing configurations: 

(i) Serial in—serial out 
(u) Serial in—parallel out 
(m) Parallel in—serial out 
(iv) Parallel in—parallel out. 

Serial in—Serial out Shift Register : 

The flip-flops used to construct registers are either JK or 


FF/A FFyfe 



Fig. 56. Transfer operation. 
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D- type. In fig. 58. four JK flip-flops wired as a four bit register are 
shown. They are connected such that the output f 
into FFIB the output of FF/B into FF/C and of FF/C into TF/D. 
Thus on the application of a shift pulse each flip-flop akes on 
data bit that was stored previously in the flip-flop on the left. 


iOi iTC 

FF/A 


FF/B 


ff£ 


FF/D 

1 A 


INPUIS 

o- 

J 0 A 

CP 

K 0 A 

J 

J 0 B 

CP 

K 0 B 


J Oc 

CP 

K Oc 


J Oq 

CP 

K O 0 

—0 

1 — 




_o f"1_ SHIFT PULSE 


SHIFT 


J INPUT 
OF FF/A 


K INPUT 
OF FF/A 


0 * 

Ob 

Oc 

Oo 



, Fig. 58. Four bil shift register. 

The data bit to be shifted into the (lip-flop must be present 
at the JK inputs. Since the data bit is either a I or a 0, there are 
two cases of J. K logic levels : 

(i) To shift a 0 into the flip-flop, 7=0, and/f*=|. 

(ii) To shift a 1 into the flip-flop, 7=1, and Af=0. 

There logic levels can change at positive going edge or negative 
going edge (called falling edge, or negative clock transition) of the 
clock pulse. Thus 7, K inputs arc controlled by the clock pulse 
and are termed as clock inputs. In four bit shift register, shown 
in fig. 58, master-slave JK flip flops, having clock inputs that 
change at the falling edge of clock pulse, have been used. The 
clock pulse at which clock inputs change, is called a shift pulse. 

When shift pulse occurs, Q A takes on a value determined by 
the conditions present on its 7 and K inputs, let 7= I and K— 0. 
We assume that all flip-flops are initially in 0 state before the first 
shift pulse is applied. From waveforms of fig. 58, we note that : 
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(i) When first shift pulse is applied then all flip-flops have 
7=0 (low) and K=\ (high) except for FFM which ha s/- 

Thus on the falling edge of the shift pulse, only ^ ?°« to , 
while all other flip-flops stay low. Now at the input ot FFIB, there 

(ii) ' When second shift pulse occurs then it finds ‘hat FF/B 

has 7=1, 0 and all other flip-flops have 7-0, K=\ so that at 

the falling edge of second shift pulse, only Qb goes high (a 1). 

Now at the input of FF/C, there is 7-1, A-0. 

(iii) When third shift pulse occurs, then it finds tha: FF/C nas 
7 = 1 , K- 0 so that at the falling edge of third shift pulse, Qc g 

to 1. Now at the input of FF/D, there is 7=1, a-0. 

(iv) When fourth shift pulse occurs then it findsJtol 

has 7=1, K =0 so that at the falling edge of fourth shift pulse, 

Qd goes to I. „ irN 

Thus FFIA input 7=1, A=0 is transferred to FF/D output on 
the application of four clock pulses. 

Serial Transfer between Registers : 

It was the shifting from one flip-flop to mother in a shift 
register, say X. The data can be serially shifted to another register, 
say Y (fig. 59), in the way 

■V-register T-register^ 

W.-^Vr* (Mch iS 3 lhfee bi ' re8 ' Ster) 


SmXT «*IAS€ 

sin. 



Fig. 59. 

Suppose, before any shift pulse is applied, contents of ^-register 
arc 1-0-1 (i.e. ,V*=I, .V, = 0, .V 0 =l) and that of >'-register is 0 - 0 - 0 . 
As the shift pulses are applied, states of each FF will change as 
shown in the fig 60 Wc use 7=0 and A'= | as input at As (note 
that in four bit register, we used 7 -1, A'=0 at the input ol tt/A) 
so that X 2 will go low (a 0) on the application of first pulse ana 
will stay there. On falling edge of each pulse . each FF takes on the 
data that was stored in the FF to its left before the application oj 
the pulse. As is obvious from fig. 60. in a three bit register, 
complete transfer of three bits data (1-0-1) from A'-register to 
y-register requires three shift pulses. 

In the next article we shall discuss asynchronous counters 
(ripple counters). Wc shall take there the shift pulses as the nega¬ 
tive going. 
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1U/1 


x 2 x, X. Y, Y, Y 0 


M 0 ° 0 0 

0 \\ 'l 0 0 

\ \ \ 

o o t o 1 0 


0 0 0 LI 


•BEFORE SHIFT PULSE 

• AFTER FIRST PULSE 

• AFTER SECOND PULSE 
- AFTER THIRO PULSE 


Fig. 60. 

29 24. RIPPLE (ASYNCHRONOUS) COUNTERS : 

A counter can be described as a tallying device that tallies, or 
counts some number of events. An electronic counter needs that 
the data be converted into electric pulsis, each of which represent 
one bit of information, or one happening. These pulses are intro¬ 
duced at the input and the counter tallies each and every one 
keeping a cumulative total. 

(A) 4-bit Ripple Counter : When several flip flops are connec¬ 
ted together in a certain way, they form a counting chain that is 
capable of actually counting or tallying events. Consider four 
interconnected T-type flip flops as shown in fig. 61 (a). The pulses 


CP input 



\sitiye going edge of first CP 
t/na eo 


{not) 


r Foil tug edge of second CP 
2 3 4 5 6 7 8 


All flip flops 
Outputi ore high 
after CP = 15 

Fig. 61. (a) 4-bit ripple couoter showing a count of 16 and 13. 
(6) Waveform of flip flop output 
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to be counted are applied to the first flip flop. The negative-going 
pulses have been considered. 

For a T-type binary, it may be remembered that: 

(i) Q a changes state at the falling edge of each pulse. 

(ii) All other Q's make a transition when and only when the 
output of the preceding flip flop changes from 1 to 0. 

The output of first flip flop acts as the trigger input to the 
next flip flop and so on. Assume that all flip flops have been 
cleared by a 1 on all C D inputs. The function of the chain of flip 
flops as to how their states change, i.e,, their outputs become high 
(a 1) or low (a 0) can be described as follows, remembering 
that flip flops can change their state only at the falling edge of 
a CP : 

(/) After one CP (say first CP): After one CP, the output 
of A goes high (Qa= !)• It becomes high at the falling edge of 
first CP. The second flip flop will not be affected by the positive 
going edge of the first CP. 


Input 

Pulse 

Hip flop out puts 

Qo 

Qc 

Qe 

Qa 

o 

0 

0 

0 

o 

7 

0 

0 

0 

7 

2 

0 

0 

7 

0 

3 

0 

0 

7 

7 

4 

0 

7 

0 

0 

5 

0 

7 

o • 

7 

6 

0 

7 

7 

0 

7 

0 

7 

7 

7 

a 

7 

0 

O 

o 

9 

/ 

0 

0 

7 

10 

7 

0 

7 

0 

it 

7 

o 

7 

7 

/<? 

7 

7 

0 

0 

13 

7 

7 

0 

7 

JA 

7 

7 

7 

O 

15 

1 ‘ 

7 

f: 7_ 

16 

O 

0 

0 o 


. $ 
q ?? 

II 

* ^ 


a § 

It 

3} * 

X ^ 

I* 

Q-5 
s * 

4 ? ?? 


Fig. 61. (r) Table showing state of flip flops at each count. 
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s&sz&'iX'$£2*% *—- - - 

,ha ' nut wrthO»*0.we get the falling edge of Qb at which the 
third Hip-flop. C, will be triggered so that its «*P» 2/ be ' cause 

teentMT/* because falling edge of 0, will occur only a, the arrival 

state of the flip-flops at each count. 

°' h " U “ S jlerfl a count of 13: Refer to the table fig 61 (c). At 
couiJtf Ql-tSU Qc=\,Qo~ \ Therefore to get a count 

of 13. we use a four input AND gate with 0,. Qs. Qc and go as 
input. All inputs arc a I, i.e. Qa= U Vb U Sic » * D 

that ga = 0 Thus we apply 1101 at the input of AND gate and 
„ct a count of 13. We note that most significant bit (MSB) is D 
while least significant bit (LBS) is A (fig. 61 a). . 

(tf) As frequency divider : From fig. 61 (/>). it '* * lea ' ‘hat 
the frequency of output from A is one half that of CP and the 
frcuucncy of output from B is one-quarter that of CP. It leads to 
, he q way of designing ‘divide by-’ counters, e.g., ‘divide 

by 60' etc. 

(B) BCD DECADE COUNTER : 

A binary coded decimal (BCD) counter is shown in fig. 62 

The counter will reset itself to zero after a count of 10 Forced 

feedback is used to return the counter to a reset stale after nine 
natural binary counts. On count 10. all the outputs arc low, re. 
outputs of all flip flops arc 0. Truth table for this counter is thus 
same as for a scale of 16 counter upto and including count 9. 
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Fig. 62. A BCD decade counter. 

The operation can be briefed with the help of truth table 
(fig. 61 6) as follows : 

(/) At the falling edge of every CP, flip flop A changes its 
state i.e. from a 1 to a 0, and vice versa. 

(ii) Flip flop C changes its state every time B changes from a 
1 to a 0, i.e., at the falling edge of Q B (fig. 616). Thus triggering 
of flip flop C depends upon the output of B. 

(iii) Flip flop B changes its state when Q A goes from a 1 to 
a 0 (i.e., at the falling edge of Q A . fig. 616), except on tenth pulse. 
From fig. (616), we note that though at falling edge of tenth pulse 
Q a goes from a 1 to a 0 but Q B will not rise from a 0 to a 1. The 
reason is that because now Q D has also become a I and as it is 
fedback to the input of B. the input of B remains high (a 1) and 
thus its output Q 0 can not change its state, i e. % it continues to be 
a low (a 0). In otherwords B is inhibited from changing back to a 
1 at this time. 

Thus at the arrival of tenth pulse, Q A goes from a 1 to a 0, 
Qb is forced to 0, and Qc- 0 (already low). Since Q B = 0, Qc=0 
there will a 1 at the clear input, C, of the flip flop D so that Qd 
will also be a 0. Thus Q output of all flip flops go to a 0 i.e. 
counter resets to zero, to be ready for next count. 

It remained to explain when Q D goes a 1. We observe from 
the truth table that flip flop D never changes its state during counts 
1 through 7. This is because at its clear input, C, a sustained 1 
is always present on account of either Q B or Qc (or both) being 0 
when Q a drops from 1 to 0. Thus input of D remains high and 
Qd- 0. But after count 7, this high clear input is removed and 
Qn goes high (a I) when Q A goes from 1 to 0. This happens at 
tenth pulse The result is that FF/B is inhibited and counter resets 
itself. It may be remembered that such a reset condition is 
achieved only after the application of 16th pulse in a scale of 16 
counter. 

29 25. SYNCHRONOUS COUNTERS : 

Refer to 4-bit ripple counter in fig. 61(6) to the input after the 
seventh pulse. Outputs Q A , Q B and Qc are high. When eighth 
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input pulse is applied Q *.Jgg‘ ftoShig^ow - 

SSsjsiSS 

£ J$!, K»rs S' Vrop»g*lioii dc,,y Cm m *£% 

infers 

control in synchronous counters . 

(i) With ripple (or series) carry, and 

(ii) with parallel carry (or carry look ahead). The latter is the 
faster of the two methods. 



Fig. 63(a) A 5-bit synchronous councer with series carry (J ' T) 

(A) 5-Bit Synchronous Counter with Scries Carry : 

Refer to fig. 63 (a). Each flip flop is a T-typc. The connections 
to be made to T-inputs are deduced from waveform chart ol 
fig. 63 (b). The positive going shift pulses have been considered 
The state of FF/A will change with each pulse, i.c. flip flop toggles 
from one state to another at each clock pulse. Thus 

Qa toggles with each clock pulse, T A — 1 

Q n complements only if Qa= 1. Tb-Qa 

Q c becomes Qc only if Qa = Qb=U Tc=QaQb = T d Qd 

Qd toggles only if Qa=Qb=Qc= I. Td=QaQbQc~TcQc 
Qe toggles only if Qa = Qd=Qc=Qd=U Te=QaQbQcQd- T 0 Qd 

To perform this logic ( e.g. Qc-*Qc if £?*={?«= 0 ,wo ' n P ut AND 
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Fig. 63 (6) Waveform chart 


Table : States of FF 


NUMBER 
OF INPUT 

FLIP FLOP OUTPUTS 

vi liNru l 

PULSES 

Qo 

Oc 

O a 

Oa 

0 

0 

0 

0 

0 

1 

0 

0 

0 

1 

2 

0 

0 

1 

0 

3 

0 

0 

1 

1 

4 

0 

1 

0 

0 

s 

0 

1 

0 

1 

6 

0 

1 

1 

0 

7 

0 

1 

1 

1 

8 

1 

0 

0 

0 

9 

1 

0 

0 

1 

10 

1 

0 

1 

0 

11 

1 

0 

1 

1 

12 

1 

1 

0 

0 

13 

1 

1 

0 

1 

14 

1 

1 

1 

0 

IS 

1 

1 

1 

1 

16 

0 

0 

0 

0 


Fig 63 (r) States of FF 

gates arc used (fig. 63 a). Since the carry passes through all the 
control gates, this is a synchronous counter with series carry (or 
ripple carry). In fig. 63 (r) all 16 states of the counter are shown. 
(B) 4-Bit-Synchronous Counter with Parallel Carry : 

In it, toggle input ( T=- 1) to each Hip flop comes from an AND 
gate that has been excited by the outputs from every preceding flip 
flop. In fig. 64. a 4-bit synchronous counter with parallel carry is 
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Fig 64. A 4-bit synchronous parallel counter. 

shown. We observe lha. each AND ga'eto fF/D will require 
three inputs 0„. Q. and 0c Similarly each AND gate to FF/C 
will require two inputs Q A and Qb- We note that 

(i) FF/A will toggle with each clock pulse. This is achieved 

by connecting J A and K A to a high level (A"-*'-». T 4 -\). 

(ii) FFfB must change slat* whenever Q A = I.This is achieved 
by connecting Jo and K B to Q A . 

(iii) FF/C changes state only when = •• ! ' or achieving 

it Qa and Q 0 are connected through AND gate to J c and K c < as 
shown in fig. 64. . . 

(iv) FFID changes state only when Q a =Qb = Qc=\- * ,s 

achieved oy connecting Q At Qb and Qc through AND gate to Jo 

and Ko. „ . . 

Table shown in fig. 63(c) shows all 16 states of the counter. 

(C) Synchronous Decade Counter with Parallel Carry : 

The waveform chart is given in fig. 63(6) except that after the 
tenth pulse all waveforms return to 0 in a decade counter (iig. 65). 
In fig P 63 (b) we observe that since ft.-0 and Q c = 0 after tenth 
pulse, FF/A and FF/C are excited as in 16 : 1 synchronous counter 
so that T A -J A = Ka= 1 

Tc—Jq—^c=TbQb—QaQb 

For further flip flops in a decade counter, we require as under : 

(i) We note from fig. 63(6) that 0„ toggles if 0^ = 1. But wc 
do not want that Qb should go to I after tenth pulse. To prevent 

Qa from going I after the tenth pulse ,it is inhibited by Q 0 . The 

reason is that because now 0 D has also become a 1. 0 O is a 0 and 
isfedback to the input of AND gate feeding FF/B, so that 


Tb=Qa 0o=O 

Thus as y o =A' o =0. Qb will not go a I. i.c. it is inhibited. 

(ii) Wc want FFID to change state from 0 to I after eighth 
pulse for which we need 

Qa~Qb=Qc— I 
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so that/z>=tf D = l giving output Q D = 1. It is done through three 
input AND gates (fig. 65). 

(lii) We want FF/D to return to a state 0 from 1 after tenth 
pulse. For this we need 

Qa = 1, Qb =0 and Qc =0 

so that Jd= 0, K d =0 before tenth pulse, giving Qd= 0. 

The above three requirements which convert a 16 : 1 counter, 
earlier described, into a decade counter have been implemented 
through a logic circuit shown in fig. 65. 


CLOCK PU'.SE 



Fig. 65. A synchronous decade counter with parallel carry. 

29 26. BASIC APPLICATIONS OF COUNTERS : 

The two basic applications of counters are (i) a digital fre¬ 
quency counter and (ii) a digital voltmeter. 

(i) Principle of a Digital Frequency Counter : The input 
signal whose frequency is to be measured isconvcitcd into squared 
pulses by means of Schmitt trigger and applied through an AND 
gate to a counter. We also gate the counter so that it will count 
for a prescribed period. It is done through variable gate generator 
by keeping gating time, /, as I second. Therefore counter will 
count cycles for one second which is, infact, the frequency of input 
signal (cycles/second). The accuracy of the count, therefore, 
depends on the variable gate generator (fig. 66). 


INPUT SIGNAL 



Fig. 66. A digital frequency counter principle. 



Nonlinear Integrated Circuits : Logic Fundamentals 1079 

(ii) Principle of a Digital Voltmeter : Here the counter counts 
the pulses of an oscillator fora period that is controlled by the 
gating time ( W , width). The gating time (time for which counter 
remains open to count the pulses) depends upon the width of out¬ 
put pulse. IV, of a voltage controlled generator The: width w 
in its turn, is proportional to the input voltage, V , to be measured. 
Thus, ultimately, counts of the counter is proportional to the 
voltage, V to be measured. 


OSCILLATOR PULSES 


VOLTAGE TO 
BE MEASURED 


VOLTAGE 

CONTROLLED 

GENERATOR 



Fi«. 67. A digital voltmeter principle. 


29 27. DIGITAL TO ANALOG CONVERTER 
(D/A CONVERTER): 

These converters produce an analog output for a given digital 
input. There are two types of DfA converters : 

(/) Weighted-resistor D/A converter, and 


(ii) R-2R ladder D/A converter. 

(i) Weighted Resistor Type : In it resistance values are 
weighted inaccordance with bi.tary weights (fig-68, where resis¬ 
tance connected to 2 J binary weight is R/2* etc). W ith each binary 
bit, a switch (an electronic) is associated which is closed if the bit 
is a 1 and open if it is a 0. Thus logic voltages which represen 
the individual bits arc not applied directly to the convener.but 
arc used to operate these electronic switches. In scries with these 
switches weighted resistors arc connected. A precise relcrence 
voltage line (Vr) is also connected as shown. 

When any bit is a I, corresponding switch is closed and 
corresponding resistor is connected to V R . The binary number 



Fig. 68. Weighted resistor D/A converter. 
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(the digital input) to be converted (held in a register) is applied to 
the switches, so that a current, /, proportional to the binary num¬ 
ber (due to weighted resistors) is given out by the arrangement 
(of fig. 68). This current is converted into output voltage through 
OP-AMP (being used as current to voltage converter). Thus out¬ 
put voltage is proportional to binary number. As the number 
gets updated periodically, output voltage will vary as shown in 
fig. It is then passed through a low pass filler to smooth out the 
abrupt transitions, giving continuous analog signal. 

(ii) R-2R Ladder Type : In above weighted resistor type, we 
require various value resistors. As the number of bits increases, 
the ratio of the largest to the smallest resistor goes upto an 
unconveniently high value, making it difficult to maintain the 
precision. Errors also creep in due to their temperature depen- 
dance. Ladder type overcomes this difficulty by having only two 
values R and 2 R of resistors. 


R,.sn 



Fig. 6‘). l adder type DA converter. 

Like weighted resistor type, in it two each bit of binary (held 
in a register) is associated with a switch. As shown in fig. 69, if 
MSB is a I, switch S 3 will connect I'r and the current, /. flowing 
into the node A will split into two equal parts at node A. II 2 
current will flow to the left and / 2 to the right. It is because the 
resistance looking to the right of node. I as well as to the left 
are equal to 2 R (apply Thcvcnin conversion). Circuit lor MSB= 1 
is shown in fig. 70. Output of OP-AMP for four stages is given by 



or gain 

= That is, magnitude of 


Fig. 70. Circuit for MSB= 1 
(on using Thevenin 
conversion). 
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gain from Vr to output is unity for MSB. For lower significant 
bSH current reaching the inpu. of OP-AMP, as a resuft of succes¬ 
sive division, reduces so that gain for n bit becomes 2 . 

29 28 ANALOG TO DIGITAL CONVERTER 

(A D CONVERTER) : COUNTER METHOD : 

Here a counter is allowed to count clock pulses for a duration 
that is proportional to the amplitude of the analog sample Thus 
amplitude of analog sample is quantised in terms of countings of 
a wunter-a digital output. The duration of count ,s related 
linearly to the 'sample amplitude through a gate, a comparator 
and an integrator (fig. 71). 



SAMPLE AMPUTUOE 

pulse 

Fig. 71. Ramp type AID converter. 

First counter is cleared by applying a reset pulse, and switch. 
V across capacitor. C, is momentarily closed and then opened 
thereby resetting the integrator to zero. Now integrator output 
rises linearly with time (ramp) but as long as it is less than sample 
amplitude, comparator output is HIGH and therefore allows the 
clock pulses togo through the AND gate to the counter which 
counts them. But soon as the integrator output (ramp) becomes 
greater than sample amplitude, the comparator becomes LOW and 
the gate is disabled. The counter then stops counting. Thus 
count accumulated in the counter is linearly related to gate dura¬ 
tion. which in its turn, is proportional to the sample amplitude. 
In otherwords, counter reading is the digital representation of 
the sample amplitude. For precision, ramp should be linear. 

EXERCISES AND PROBLEMS 


1. Express the decimal number 27 in binary. 

2. Express the binary number 101101 in decimal. 

3. Express the decimal number 537 as a binary number. 
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4. Add the following binary numbers. 

(a) 11010011 
10010111 


Prove yours answers: 
(b) 001101 
101111 


5. Subtract the following binary 
(a) 1000010 
0100011 


numbers and prove your answers : 
(6) 1110001 
0010111 


6. Express the number 275 in BCD. 

7. Express 1011 in decimal form using Gray code. 

8. Draw the symbol for a three variable : 

(a) AND gate ( b) OR gate (c) NAND gate ( d) NOR gate. 

9. In the equation R = AB+ C indicate whether R is a Oor a 1 under the 
following conditions : 

(a) A y By and C=0 

(b) A=l 9 B=0, C=0 

(c) A, By and C= 1. 

10. Reduce the following Boolean functions : 


(a) A+AB+AB 

(b) AB+AB+AB+AB 

(c) ABD + ABD+BD 

(d) ABC+ABC 

(e) (1+B)(**C). 

11 . Without reducing convert the following expressions to AND/OR/invcrt 
logic : 

( fl ) A+B+AB 
(b) ~ABC+AB. 

12. Discuss, with merits and demerits, the various logic families. 

13. Describe an exclusive OR gate and its applications. 

14. Dcscribo the operation of half and full adder. What is a parallel adder ? 

15. Describe how Karnaugh maps help to simplify a Booleao equation. 

16. What do you understand by sequential and combinational logic circuits. 
Describe a S-R latch operation. 

17. Describe a clock R-S flip flop, explaining clearly the way in which 
trigger pulse controls the change of state of flip flops. 

18. Describe J-K flip flop and master slave J-K flip flop. Describe its 
merits over clocked flip flop. 

19. Describe the basic circuit involved in counters. Explain the working of a 
BCD decade counter. 


30 


TRANSMISSION LINES 


Radio communication requires the transference of energy 
between the transmitter and receiver. During ithis 'Uansmission 
three main intermediate phenomena arc involved as stated below . 

n) The intelligence in the form of radio frequency power is 
available at the transmitter output. For the release of this energy 
?o space, it is necessary to feed it to some radiating conductor. 
Because of disturbance, this process of radiation cannot be per¬ 
formed near to transmitter location. Thus first step is to transfer 
this r.f. power from transmitter to the radiating element. A device 
with minimum energy losses Bed to Ibe ‘“yJjJTnSSf f ‘ 
energy to some radiator is called a TRANSMISSION LINE. 

Ui) The second step is the release of this r.f. energy into 
space for the communication of intelligence. For this energy 
release, transmission line is terminated by a radiating element ; 
transferred r.f. energy affected by the intelligence, is applied to 
this radiator, which sets up high frequency currents along its 
length The electromagnetic waves arc produced into the space 
due to the escape of electrical energy from this radiating element 
which then travel with the velocity of light. The radiating clement 
is usually known as -ANTENNA’. 

(Hi) The third step is the mechanism of the 'PROPAGATION 
OF ELECTROMAGNETIC WAVES’. Generally these arc propa¬ 
gated as ground waves, sky waves or space waves. 

Transmission line is a device to transmit radio frequency 
cower from one place to another. In order to avoid the disturbance 
which would occur if the transmitter and antenna arc located at 
the same place, a transmission line with minimum loss of energy 
is applied between the transmitter and antenna. The most usual 
form of transmission lines are : 

(a) a pair of conducting lines in the forms of parallel wires, 

(b) a pair of concentric tubular conductors, i e. 9 coaxial 


cable. 

The length of the line system is usually great enough so that, 
at any given instant of time, the current distribution in it as a 
result of applied e.m f. is not uniform. The line consists of resis¬ 
tance, inductance and capacitance which are distributed along the 
length of the line. 
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As the purpose of transmission line is to transmit power from 
generator to load, therefore its study should include the following : 

(/) in order to have an idea of power at different points on 
the line, it is essential to know the magnitudes, and phase 
relationships of voltage and current at different line lengths. This 
requires the derivation of a relation which connects voltage or 
current with line length. 

(//) it is very important to study that how the termination of 
the line affects the power transmission by the line on account of 
changes in the magnitude and phase of voltages and currents on 
the line. 

(Hi) in order that maximum of energy received by the line be 
transferred to the load, it is essential to obtain the conditions 
under which losses and distortion on the line be minimum. 

DISTRIBUTED PARAMETERS : 

Transmission of energy is affected at high frequencies at which 
the inductance of short length of conductors, and capacitances 
between short conductors and their surroundings become appreci¬ 
able and their effects intermingle at each point. Thus instead of 
lumped parameters, wc owe transmission line concepts to distri¬ 
buted parameters. We first account for the distributed parameters 
of a transmission line. 

Distributed resistance : The wires of a transmission line 
formed of some conducting material, will have resistance. This 
resistance, because of uniform size wires, will be distributed uni¬ 
formly along their entire length. 

Furthermore, when radio frequency waves travel along the 
transmission line, it is also possible that some part of their energy 
is lost due to radiation. To account for this consumption (loss) or 
radiated energy, we can regard a resistance called ‘radiation resis¬ 
tance’ in addition to line resistance. In the present analysis of 
lines, we shall ignore this resistance. 

Distributed inductance : When radio frequency current flows 
in the wires, a magnetic field is developed about them. Thus field 
offers a sort of resistance to any rise or fall of the line current. 
Since this field links the wire current, inductance is present and is 
distributed uniformly along the entire length of the wire. As the 
inductance impedes the flow of current, it should be assumed in 
series with the line resistance. 

Distributed conductance and capacitance : The fact that input 
and output currents of the line differ, leads one to realise that there 
is admittance between the wires even though there is no apparent 
connection between them. This shunt admittance consists of two 
components. First, capacitance is present because the two conduc¬ 
tors of the parallel line are separated by a dielectric and thus 
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forms a condenser. This 
capacitance shunts the line 
and is, therefore, called 
shunting capacitance. 

Second, the dielectric bet¬ 
ween the wires is not per¬ 
fect, a conduction current 
will flow between the wires. 

This conduction or leakage 
path may be presented by 
a conductance between the 
wires. 

Thus an approximate equivalent circuit of a transmission line 
can be drawn as shown in fig. 1 ( 0 ). 

TYPES OF TRANSMISSION LINES : 

As mentioned earlier there are two types of transmission 
lines : 

1. Parallel wire line : This is usually of two types, namely 
two wire parallel line and four wire parallel line. Horizontal two 
wire line and four wire line are balanced to ground devices, />., 
if at a point of one conductor there is some positive voltage with 
respect to ground, then it will be balanced by an equal negative 
voltage at the corresponding point of the other conductor. A two 
wire line in vertical configuration is unbalanced stiucturc because 
of which it gives rise to unbalanced currents. The unbalanced 
currents arc undesirable for they increase energy losses. Parallel 
wire lines arc used at frequencies of the order 100 mc/s. Above 
200 mc/s., power loss due to radiation and induction becomes 
excessive The characteristic impedance of such lines ranges from 
100 ohms to 300 ohms. 

2. Coaxial line : This is best suited at high frequencies. It 
consists of two concentric conductors separated by an insulating 
material. The main advantages of such a line arc (a) losses due to 
induction and radiation are reduced to minimum because electro¬ 
magnetic field associated with a coaxial line is confined to the 
space between inner and outer conductors, (b) characteristic im¬ 
pedance is low, of the order of 50 to 70 ohms, and (c) they can be 
used at 3000 mc/s; and all lower frequencies because their attenua¬ 
tion even at very high frequencies is very low. 

A coaxial line is unbalanced to ground but since the outer 
conductor acts as a shield, it does not give rise to unbalanced 
currents. 

A coaxial line is also of two forms : 

(a) Flexible cables : In such a cable the whole inner conduc¬ 
tor is surrounded by a flexible plastic material and a braid of 



Fig. I. ( a) Equivalent circuit of length 
/\x of a transmission line. 
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conducting material woven over the dielectric serves as the outer 
conductor. To make the cable mechanically strong, entire cable 
is covered with a steel braid or armour. Such cables are not pre¬ 
ferred at 3000 mc/s., since losses in the dielectric medium become 
appreciable. 

(b) Rigid cables : To avoid energy losses in dielectric medium 
at high frequencies, rigid coaxial lines with air as dielectric are 
employed. To support inner conductor within a large outer con¬ 
ductor, beads or quarter wave stubs are employed. 

30 0 CALCULATION OF LINE PARAMETERS : 

As mentioned above, there are four line parameters, R , L, C 
and G distributed per unit length of the line. We shall now nnd 
expressions for inductance and capacitance of a line of two parallel 
round conductors and coaxial line separately. 

INDUCTANCE OF A LINE OF TWO PARALLEL ROUND 
CONDUCTORS: 

A section of a long round wire with a hypothetical cylinder 
of length one meter and wall thickness dr is shown in tig. 1 (b). 
Permeability is defined as 

where p u is the magnetic permeability 
of space and has the value 4 ttX 10“ 7 
in mks units, and /x, is the relative 
permeability of the particular mate¬ 
rial. In a material or region where 
Hr is independent of flux density (e g.. 
air and most dielectrics) inductance 
can be defined as Pi*- 

flux linkage of the current __A_ 

L ~ total conductor current / 

Therefore, the problem now reduces to the calculation of flux 
linkage of the current. In a long, straight, round wire, the flux 
paths surrounding the current, are concentric circles. The magne¬ 
tic field intensity at any distance r from the centre of the conductor 
is, by definition, 



where I, is the current enclosed by the flux path around which H 
is measured. For only one turn or current path, 



The length, /, of the flux path at any distance r is 2irr . There¬ 
fore 
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Hr 


h 


2vr 


If total conductor current,/, is supposed to be distributed 
uniformly over the cross section of the cylinder then 


/,= 


irr 


so that 


Hr 


71Q‘ 


r/ 


2 na 2 




which is the flux density at any point inside the conductor. There¬ 
fore flux in the wall of hollow cylinder of area dA will be 

BrdA. 

For the cylinder of thickness dr and length I meter, it will be 

d<f>=B,dr = -ir^-.dr . 


This flux linkage corresponds to current /,. In order to 
correspond it to total current /, we should multiply the above 

expression by Then the flux present in the wall of the cylinder 

of radius r, width dr , and one meter in length, will be 




dr. 


r 2 
a 2 


Therefore total internal linkages, A,„„ due to all the flux inside 
the conductor will be 



r 3 dr 


^ linkages/meter. 


where /z is the permeability of the conductor material. 


We shall now determine external 
1 ( c ). The flux density in the space 
outside the conductor 

Br = P*Hr= ' 

where /z„ is the permeability of the 
space between the conductors. The 
flux present in the dashed hollow 
cylinder of radius r, width dr and 
one meter length will be 


flux linkage. Refer to fig. 



Fig. 1 (c). 
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d +~2^ 


dr. 


Consequently Hux passing in space between the two conduc- 
tors and around the current in X will be 


Ar " 2-] a r 


We shall now calculate the linkage contributed by the flux 
cutting wire Y. Flux due to the current in AT, that passes through 
wire links values of current varying between 

+ / for flux element with r just greater than (d-a) t 
and 0 for flux clement with r~(d-\-a) 

An average value may be obtained by integrttinglo Jhe eentie 
of wire Y, accounting as full l.nk.ges that flux P^sing th ough the 
left half of Y and as zero linkages the flux passing trough r gh 
half of )’. Then the contribution by the dux cutting wire Y 


A 2v) ,_r 


Flux surrounding the conductor Y [r > (d -+ «)]. ^ th 

-f/ and -/currents i.c. zero net current to A and therefore to 

tributes zero flux linkages. 

Wo now write for the total external flux linkages as 

aVm. 


'Vi/==A l 


*d[* d IJhl | 0 g f - linkages meter 
In J a r 2 it a 


Therefore total inductance of one wire will be 

A A| nt‘ "F A. m. 

7~ 1 


fc+& ,og ' i 


and for both the wires or the line, it will be 

L—2 (i+flog 

r 2w a f 

= |0- T |,«, 9-210 log,henry/meter 

= (o-l609 ^,+ 1-482 log.o-^i mh/mile 

Since first term arises due to inteinal flux linkages, it is tailed 
internal inductance of the line: whereas the second term arises due 
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to the linkages of flux external to the wires, it is cafled external 
inductance. At radio frequencies the current flows almost in the 
surface of the conductor so that internal inductance becomes negli¬ 
gible. It should be born in mind that relation has been derived on 

the assumption that the current distribution over the conductors 
is uniform which can be true only if spacing between wires is quite 
large compared to their radius 

INDUCTANCE OF A COAXIAL LINE: 

A coaxial line crosssection is shown in fig. 1 (<*). radius 
of inner conductor is a. interi al radius ol outer conductor is^, and 
external radius is c. We assume that the fre¬ 
quency is low so that current is distributed 
uniformly over the cross section of the con¬ 
ductor. Inner conductor carries current+/ 
amperes and outer conductor —/ amperes. It 
is thus obvious that any flux path surrounding 
the outer conductor will enclose ( + /—/--0) 
zero current and consequently there is no flux 
external to outer conductor. 

In this case, the total flux linkages will be 
made up of following three contributions : 

(/') Flux linkages internal to the central conductor : This we 
have calculated in previous case and can be shown to be given by 

A,«~ linkages/meter, 

R7T 



Fig. 1 (d) 


where m is the permeability of material of inner conductor. 

(U) Flux linkages of the central conductor current -|-7. due to 
fluv in the dielectric between the conductors. This we have also 
calculated earlier and is given by 

Aj=^f - = iplog,4 linkages/meter 

Znj a r Z7T a 


where /i„ is the permeability of the dielectric. 

(Hi) Flux linkages due to the flux passing through the outer 
conductor, between b and c. 


For this we shall assume a cylindrical shell of width dr and 
radius r which is greater than h but less than e , that is inside the 
outer conductor. The current that produces the flux surrounding 
the innor conductor passing within the outer conductor is -|-/ at 
r=b and varies to zero upto r=c. Therefore current enclosed by 
flux at radius r is 




(-/) 


(c 2 -r*) 

<e*-£) 
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so that corresponding flux density B, at radius r will be 

_y 2 I (c 2 —r 2 ) 

' 2nr (c 2 -b 2 )' 

where /z 2 is the permeability of the material of the outer conductor. 

Here it is important to note that a flux line at r=b makes a 
complete linkage of current I but on the otherhand, a flux line at 
r=c links zero current. That is, contibution of linkage varies 
from unity to zero. Then fractional part of a linkage contributed 
by a flux line at radius r between b and c is 

tt (r 2 -£ 2 )_c 2 -r J 
tt(c 2 -^) c--b *’ 

Finally, we now write linkages due to the flux passing through 
outer conducior between b and c. That is 


_Htir c*-r*dr 

3 2v) h c 2 -b 2 ‘ C 2 -b 2 r 

-T&V? [“ <'*-*•>] 


The inductance of the coaxial line will be 

r — Ai + Aj-f Aj 

L - 7 - 


linkages/meter 


Taking ni=n u =H 2 (because ordinarily the material of a line 
are non magnetic), we arrive at 

z .=^[ | + 4|o gr A + _i__{ c « | og ,| 

-C* (c--b*)+i (c‘-6‘)J] 

But /i u «=4/r.l0 -7 , we write 

henrys/meter 

At radio frequencies, the current crowds to the outer surface 
of the inner conductor and inner surface of the outer conductor so 
that A, and A 2 are negligible. In that case 

L— 2x 10 -7 log,-^ henrys/meter 


=0-741 log, 0 mh/mile 

We have assumed here that there is no flux outside the outer 
conductor but if outer conductor is braided from small wires (in 
order to have a flexible cable) then some flux may leak out and 
appear external to the cable. 
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CAPACITANCE OF TWO PARALLEL ROUND CONDUCTORS 

Let us consider a section of 
a long round conductor of radius 
a. Let us enclose this cylinder by 
another concentric hypothetical 
cylinder of radius r and length 
one meter. Then electric flux den¬ 
sity D at P , a point on the enclos¬ 
ing cylinder is 

/)= JL- coulombs/meter- 
2 nr 

so that electric field intensity at radius r is 

JL- vol, / metcr 

where c is permittivity defined as 

f , is the dielectric constant or relative pcf'nilljvi'y and <„ is the 
permittivity of space. The potential at P will be then, 

J: sr. ■"-£ "*: 

A parallel wire tranmission line is . 0 li rdina n r |' y ( ^"thc^radius^ 
that spacing </ between wires is large with respeet to the radius « 

of a conductor. The charge can then be considered umlormly 

distributed around the periphery of "P 

each conductor. 

The potential difference between 

the two conductors, shown in fig. I (/) 

when left wire has a charge of 
4 d and right wire a charge of -</ Fig. 1(f). 

coulombs per unit length, taking as a reference the negatively 
charged wire is 

-L Inp. log, — 

7l< 0 



log, „ 
v* a 

= — log, volts, 

we a 


Therefore capacitance is 

__ <7 

V 


c='4 = 


a , il—a 
- logr — 
7TC a 


j -farads/m. 

a—a 


log. 


Since d > a. we can write d inplace of ( d-a ). Therefore 

C— V( farads/metcr 
a 


lQ gr - 
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12-07 c. 


. d 

\°i'~ 

I-943X 10 4 

. d 
\° ge - 


’rnnflm 


\i\if! mile. 


CAPACITANCE OF THE COAXIAL LINE : 

Cross section of a coaxial 
transmission line is shown in 
figure 1 (g). The inner conduc¬ 
tor is given a charge -f q and 
outer conductor is given a charge 
— < 7 , which are distributed uni¬ 
formly on the outer surface of 
inner conductor and inner sur¬ 
face of outer conductor. The field 
intensity at P is then 



Fig. 1 (g) 


2vr* 


volt/meter 


and the potential difference from outer to the inner conductor is 

V~-[ T- dr =T~ volts. 

J b 2vrc 27 tc a 

The capacitance of the coaxial line will be 


L V 


2 n< 

1 * 

1 °!,- 


farads/meter 


2414 


i b 

log.o — 


/i/*//meter 


3886x I0 4 

; b 

log,, 


nnfl mile. 


LINE PARAMETERS AT HIGH FREQUENCIES: OPEN WIRE 
LINE : 

Parameters of the line are modified by the presence of high 
frequency currents. Skin effect comes into play as discussed 
below : 

We know that when an alternating current flows in a conduc¬ 
tor, the alternating magnetic flux within the conductor induces an 
e.m.f. This e.m.f. causes the current density to decrease in the 
interior of the wire and to increase at the outer surface. This 
effect is known as skin effect. It is more marked at radio frequen¬ 
cies and therefore the current in the wire of a moderate size is 
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concentrated in a thin skin at the surface. The effective thickness 
of the surface layer of current may be given by 




1 


meters 


meters 


where p is the resistivity of the conductor in ohm meters 

a is the conductivity of conductor in mhos per meter 
/ is the frequency of alternating current in cjs 
and ii is the absolute magnetic permeability of the conductor 
and for free space, its value is 4^x I0-* henry,meter. 

For copper / t = 4.x l 0- 7 ,a = 5-75xl0 7 mhos/meter at 20 C. 

Then 

0 0664 

8= -^ j. - meters. 

Thus the nominal depth of penetration for copper ^onduetor 
is about SOX 10" 4 meters at 60 c/s and is only 66x 10 meters at 

I mc/s. , „ . 

R y ihe resistance per unit length of the line : The resistance ol 
a round conductor of radius a meters to direct current is inversely 
proportional to the area as 

while that of a round conductor with alternating current flowing 
in a skin of thickness h is 


* -JL 

K * mtm 2raS 


Therefore 


R d - t - 2 

^7'63o\// for copper, 

where a is in meters and/in c s. Relation implies that for the 

conductor of large radius increase in resistance with increase of 
frequency will be greater compared in the conductor ol small 

radius. For an open wire line of copper with spacing greater than 
20 a. it can be computed that 

L, the inductance per unit length of the line : We have already 
shown that for two wire line, when internal impedance becomes 
negligible at high frequencies, the inductance is given by 

/.=£- log, d - 
2 n a 
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=4x 10~ 7 log, — hcnrys/melers. 

=9 21 x 10- 7 log I0 henrys/meters. 

C, capacitance per unit length of the line : The value of capa¬ 
citance of a line is not affected by skin effect or frequency. There¬ 
fore the relation 


C= — n€ . farads/meter 

« « 

\og< - 

120 7 - 
=- -j — upf/m 

\°g e - 


is still applicable. 

LINE PARAMETERS AT HIGH FREQUENCIES : COAXIAL 
LINE : 

Due to the skin effect, resistance of a copper coaxial line is 
given by 

/? a . e .=4-i6x 10 -V/ (^" + ;r) ohms / metcr > 

where a and b are outer radius of the inner conductor and inner 
radius of the outer conductor in meters. 

Because of skin effect, the current flows in the outer surface of 
the inner conductor and inner surface of the outer conductor. Due 
to this effect flux linkage due to inner conductor flux is eliminated 
and the inductance of the coaxial line is given by 

L=4-60xl0” 7 log.- — henrys/meter. 

Capacitance of coaxial line is not affected by frequency and is 
given by 

0= 24 

10 g,o - 

For the transmission of energy at high frequencies, it is posi- 
sible to assume neglible losses or zero dissipation in the analysis 
of performance of transmission lines. 

30 1. VOLTAGE AND CURRENT RELATIONS ON RADIO 
FREQUENCY TRANSMISSION LINE : 


At frequencies of operation so high that the wavelength be¬ 
comes comparable to physical dimensions of the apparatus, ana- 
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lysis cannot be made with 

circuit concept, e.g. in 6iM€ „£T ~I I ~i 

terms of lumped parameter cyoM i i l ojo£*o % . 

equivalent circuits and !'♦ 

hence it is preferable to con- /$ ] | f y 

sider directly electric and * 

magnetic fields. Here we 2 (0) Transm i S >ion line. 

shall analyse th ® ,l " The voltage and current relations in 

eK'a very'short length, dx, of the transmission line as shown 
in fig. 2 (a). . . 

ut *:5S SSK f* ■** 

L= l°2 SS££t SS?"irc> f" uni. -^length. 

( 7 —shunt conductance between wires per un . > lcnt ,h , 

C= hun capacitance between wires per unit length. 

In travelling this 

Of current through ." Vl and the conductance O d.vofthe 
length'ofTheTneas a result of the voltage £ existing between 
them. Thus we have 

Z*(/l+M ) <lx * 

*y_(G'+/»C) </x 

Therefore fall in voltage. 

dE=-iR+j<"L) (tx l > "•I 1 ' 

and fall in current. 


i f l/(0+>O </* 

= _(G+>.»C) «/.v E. 

Dillercntiating eq. (I) with respect to .v, we get 

™ =-(*lM) Tx 

=s(R+ju>L) (G+jo>C) l. 

=Y*E 


...( 2 ) 


(from cqn. 2 ) 


I 1 1 (j C' 

* Corresponding impedance - I G \/jt»C ' 



1096 


Hand Book of Electronics 


or ^-->.*£=0, ...(3) 

where y=y/{(R-\-j^L) (G+jwC)}, called propagation constant. 
The solution of equation (3) will be of the form 

E=Ae**+Be- y *, ...(4) 

where A and B are the constants to be determined with the help 
of boundary conditions. 

Further from equation (1), we have 
. 1 dE 

(R+jwL) dx 


(Ae yx —Be~ yx ) {from eqn. (4)} 


(R+jutL) 

4~ (Ae**-Be~"), 


•••(5) 


where Z„=j, called cliaraclerislic impedance of the 

line and will be defined later on. 

The voltage and current equations for the line can be deter¬ 
mined with reference to load end or sending end (generator end). 
First, we shall take the sending end as the origin of coordinates. 
Voltage and Current Relations with distaoce from Sending End : 
The boundary conditions arc 
At x=0 /=/„ 

E=E„ 

Also E,=ZJ t . 

With these conditions equations (4) and (5) give 
E S =A + B, 


I % =y(A-B), 

so that 

A=j (£,+Z 0 /,) 
=j1, (Z,+Z 0 ) 
and 5= j (E,—Z 0 I,). 

=j I, (Z,—Z 0 ). 


Putting these values of constants, equations (4) and (5) give 
the desired relations for voltage and current on any point on the 
line. 
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That is eJj I, (Z,+Zo) '"+f '■ e ‘ ,< 

=£, cosh yx+IsZo sinh yx. 


...( 6 ) 


Similarly, 


-mim 


...(7) 


...( 8 ) 


/HOPE*7 

G£NE*AT0* 


LOAD 


*EfL£CT£D'*AK 
Fig. 2 (/»)• 1 ravelling waves. 


=r/ 4 cosh yx|-^- sinh yA 

If we put y=a-f;P in equation (4), then 

E=sA* m * M x +Be- {a * ifil A 

= e»' + Be-"e-»\ 

The second term in equation 
(8) represents a voltage compo¬ 
nent travelling towards the re¬ 
ceiving or load end of the line 
and is called the incident wave; 
this decays exponentially in the 
positive direction of x. The first 
term represents a wave similar to 
the second term but travelling 
from the load towards the gene¬ 
rator end of the line; it is termed 

as reflected wave. Note that . y 

(/) when x-0,£-^+«-|A(Z.+Z°)+» , -( Z *- Z * 

Vo.,age and Current Equations with distance referred from 
Load End or Receiving End : 

In this case boundary 
conditions will be 

At x=0, I-Jr, 

E—Er, 

Hence Er = A-VB , 

ZqIr=A—B. 

• -4 = } (Er+Z 0 Ir) 


and 


= Y (Zn+Zo) 
B=‘f (Zd—Z 0 ). 



GENEfiATO* ehd Of 

Sf ND/HG wo 

Fig. 3. 
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Thus ( A-\-B)=IrZ r =Er , 

(A—B)=IrZ 0 . 

So E=E r cosh yx+InZo sinh yx , 

I=Ir cosh yx+EnIZu sinh yx. 

These equations are referred to the load end as the origin of 
co-ordinates. 


E=aAe a *.e l **+Be~ 




When x is measured from load end, amplitude of reflected 
wave would decrease with an increase in x and hence Be~ ax is the 
amplitude of reflected wave and Ae ax that of incident wave. The 
ratio of reflected voltage to the incident voltage is termed as reflec¬ 
tion coefficient, i.e. 


P I 


Ae ax A 


Z R -Z 0 


.e~ 


ZaX 


Z*+Z 0 

If we put Z R =Z 0 , then | p |=0; also if we put x=co, again 
| p | = 0 , i.e. in both the cases no reflected wave is produced; instead 
whole of the incident wave is absorbed. On viewing the two 
conditions together, we arrive at that a line of finite length, termi¬ 
nated in a load equivalent to its characteristic impedance, appears 
to the sending end as an infinite line. Further 



Ae"+Be-'* 

=-j- 

7 - (Ae YX —Be- rx ) 

L 0 

For sending end *=/, the length of line, so that at the gene¬ 


rator end 


Z.c=r^ = 


E s Ae v, +Be’ Yl 


Is I 


(A^-Be-*) 

z 0 


Substituting, 

B Zr-Z 0 
A Z R +Z 0 

we get Zi=Z 0 . 

When Z R =Z Q or /= co, 
then Z$=Z 0 » 

and therefore, the characteristic impedance is the input impedance 
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*" d “ “ -» 

conditions. . . 

Example Preliminary calculations estimate that in a transm.tt.ns: system 

£±as=ar;ss»= 

of cable is used. How does this affect the character,st.c .mpedancc of the I me 
Obviously there would be no affect on the characters,c impedance of the 
line became U depends only on the „ne constants L, C. «. and C. and no. on 

the line length. 

PROPAGATION CONSTANT : 

The relation between current and voltage for a transmission 

line is given by . _ . , 

£=£, cosh yX+l,Z t stnh yx, 

£ 

/=/, cosh sinh yX ' 

Unra Ic v nmvn as the propagation constant. The quantity 
Wh (Zn is seen to govern the manner in which £ and / vary 
I7lh x U.!it governs the way in which the waves arc propagated 

and hence I lie name. . 

The propagation constant of a line per unit length ts defined 
as the nature? log of the vector ratio of the steady state currents 
entering and leaving the structure 

y “ log ~ 

Attenuation constant and Phase constant : The propagation 
constant is a complex quantity, i.e., y=«+JP ; 


so 


L-=c , -e‘ e 1 *, 

Ir 


Thus if/, is the current entering the line in fig. 4 («) the 
current I~ at a unit distance farther along the line would be 
attenuated in magnitude by an amount a and retarded in phase 
by an amount p radians per unit length. 


1 

1 



'1//trrD/sTM& 


hi. 4. (a) Transmission Line. 
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The locus of the current vector will be a long spiral as shown 
in the figure 4 (b) and in the absence of attenuation, figure will 
be a circle. 

Both incident and reflected 
waves suffer a change e 1 in 
amplitude for unit length of 
transmission line, where a is 
termed as attenuation constant as 
it represents the rate at which the 
incident wave decays along the 
line. Since in unit length the 

wave suffers a phase change of fi Fig. 4. (ft) Locus of current vector. 
radians , the latter is culled the phase constant. 

If we consider incident wave only, then 
E=E> <r*\ 

/=/, 

Putting y—a-fy/l, we write 

E— £, e~ 7 ' «r^\ 

/=/, e~ a x *-*«. 

From these equations it is obvious that voltage and current 
become progressively smaller in magnitude because of the factor 
?~ tK * Apart from this decrease in amplitude, phases of voltage and 
current also lag progressively as the distance .v increases. 

Time dependence of above equations of E and I is implicit 
because the sending end values will be functions of time, viz. 

Es-Eu, e** 9 
Iso c mt . 

This means E and /, i.c. voltage and current on the line are 
functions of both distance and time. 

The wavelength A of the wave travelling on the line is equal 
to the distance between successive crests of the wave at any 
moment, /.<*., it is equal to ihe change in x which makes the angle 
fix to increase by 2r radians. Therefore p\~2n or /?=2 tt/A. Since 
a phase change of 2?r radians represents one cycle in time and 
involves a distance of one wavelencth, then 

x—r’T 


or 


or 


or 


or 


*~7 


V 


(putting-x=A, r=yj 


2 7T 

1 = 7 

tu = 2xf= fir 


r= 


<o 

J 


1 his is the velocity of propagation along the line and is based on 
the observations of the phase on the line. 



Transmission Lines 


1101 


...( 1 ) 

..( 2 ) 

...(3) 


...(4) 
.. (5) 
...(6) 


Expression for phase constant p and attenuation constant (a) : 

The propagation constant y is o! the lorm 

equal to V{( R +j wL) ( G+j*C)}■ 

So <t+jP=VH R 

a -jP = tf{{R-j<oL) (G—jojC)}. 

Multiplying (I) and (2), 

jli^.p:= s '{{R : +ui"L i ) (C- + a.-C-)l. 

From (1), on squaring, 

*2-^ + 2 jzp={R~ju>L) {G~ju,C) 

-{RG-o,*LC)+joj (RC + LG ), 

So a i-pi=RG-w*LC. 

2afi = u> (RC + LG). 

Adding (3) and (5), we get 

2**MRG-o> t LC)+\'{(.R t +"-L t ) (G ! +o,'C-)), 

«=±[J (RG-u'LO + l^UR'- + "'I--) < G ' + W C ))1 ’• 

Subtracting (5) from (3), we get 
2fl 2 =( - RG+oSLC) -1 \/{( R'■ + w=/. J ) (C=+ 
fj=±[Hu,*LC-RG) + ls/{(R- r^L') (G*+w ; C ! )]) . 

30 2. LINE DISTORTION AND ATTENUATION : 

For no distortion attenuation constant « should he independent 
of frequency and phase constant P should vary In,early will, frequ- 

ency. Suppose 

(<i) « is dependent on frequency and waveform which is the 
sum of a fundamental /and a third harmonic 3/ is being trans¬ 
mitted down a line in the steady state. Then attenuation for the 
two frequencies will be different and the resultant waveform will 
be frequency distorted. Therefore a complex applied voltage, such 
as voice voltage containing many frequencies, will not have all 
frequencies transmitted with equal attenuation, and the received 
waveform will not be identical with the input waveform at the 
sending end. Thus to avoid frequency distortion, x should be aide- 
pendent of frequency. 

(h) B docs not vary linearly with frequency; then the time 
relationship of fundamental/ and harmonic 3/ will be destroyed 
and delay or phase distortion will be produced. Thus all frequen¬ 
cies applied to a transmission line will not have the same time of 
transmission, some frequencies being delayed more than the others. 
Consequently, applied voice voltage waveform at the receiving 
end will not be identical to the waveform at the sending end. 
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From expressions for attenuation constant a and phase 
constant ft we see that a is dependent on frequency and p does 
not vary linearly with frequency. Their variations are shown in 
fig. 5 (a) and fig. 5 ( b ). Hence transmission line introduces both 
frequency and delay or phase distortion. 


co MO/SEC —*• 

Fig. 5. (d) Fig 5. (/>) 

Variation of attenuation constant as Variation of phase constant with w 
a function of o> for open wire line for the same line described in 

(composed of No. 10 copper conduc- fig. 5 (a). The frequency asymptote 

tor spaced 12 inches apart). The uy/(LC) is plotted for comparison, 
high frequency value (dotted line) is 
shown for comparison 

Condition for no distortion. The conditions for no distortion 
are ideal ones and cannot be achieved in practice Even then we 
are to discuss such a possibility. It is obvious that for no distor¬ 
tion a should be independent of frequency. For the satisfaction of 
this condition there are two possibilities : 

(0 Line resistance and conductance be zero, i.e., R=G=0 t 
so that from 

a-=4 [RG-u> 2 LC+ Vft/? 2 + «*!.*) (G 2 -f a> 2 C 2 )}] 

— 0 , 

i.e. y a= 0 , 

which implies zero attenuation. The condition is purely ideal 
because line will certainly have some resistance though conduc¬ 
tance may be reduced to minimum (by using a perfect dielectric). 

(//) If the expression on solving the radical consists of a term 
urLC then this term will be cancelled by other w f LC term outside 
the radical and thus the expression for a will be independent of w. 

i.e.y if V{(*-+" 2 L 2 ) (G*+cu s C 2 )}=A:-Fcu*£C 

or (RH<o-L 2 ) (G 2 +a, 2 C J )=(A:-i a, 2 £C ) 2 
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or R'G*+u'L'C'- + uKR-C'+L'G--)=K‘++2K.^LC. 
Equating the coefficients of the power of u>, we get 

R'G*=K- 

or R ta+L'-G*=2K.LC 

or r*C--+L'G'—2.RC.LG=0 

R L 
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or 


(RC — LG) 2 =0 or g-=£- 


This is the condition for no distortion. Then the value of a 
will be 


a 


_L [RG-^LC+y/^R^^-L') (MCW* 


If 2 


G- 


Puting ^ -S. ' vc 8 cl 


a =- L Srg-^lc+rg. 7 {('+^')( i +^)}] 

V . / W *C S \I 15 

= ^ 2 [ RG ~” iLC + RC ' ( l + "^ r 'I 

= J- 2 [2RG-o,*LC+o,:a^J 1 

Putting = q ' wc 8 et 

a= ' |2/?C-a,«/.C+«^IC|'/» 

V 2 

=V(RV=J(z) R - 

Expression for 0 is • 

P = ± 2 [o,*lc-rg+rg - 

Expression for characteristic impedance 

L_C 
since g-g 

From expressions of a and 0, we see that the conditions for 
no distortion are fully satisfied. Since Z„, the characteristic impe¬ 
dance. is independent of frequency, it is purely resistive. The condi¬ 
tions, however, remain satislactory if line constants R, G, L and C 
do not change with frequency. But in practice, because of skin 


...( 1 ) 


• ••(2) 
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effect, they undergo changes and hence perfect freedom from dis¬ 
tortion is not achieved. 

For practical purposes, it would be better to discuss some 
conditions which can be achieved in actual line or cables, i.e. con¬ 
ditions for low distortion. 

Condition for Low Distortion. Let us consider the case where 
«L> J? and wC (7, Then 

Z=R-\-ju>L=jwL=ioL /_ (jw), 

Y=G \-jo)C =jwC=wC f_ (\™). 

Though, for such a line, the values of R and G are so small 
that they will not affect the amplitude of Z and Y but still there 
will be a marked effect on the phase of Z and Y and hence instead 
of irr, it is resonable to write 

Z^ojL l e. 

Y=wC L 

where 0 and <fr represent the phase angles of Z and Y. 

We know that angle between R and wL will be tan 0=u>LlR 
so that cot e^R/ojL. Similarly, angle between G and wC will be 
tan </> = wClG or cot «£=(7/a>C. Now when a certain angle, say 
in nearly equal to \rr then we can write 
•cos 0=COt 0 = ifi. 

Since the angles 0 and 0 are nearly equal to we can put 
0=\it —cot 6 
= \n-RlwL 

and ^ = jrr-(7/wC. 

Therefore iZ=a>L / (| 

Y=wC /. {\n-GI<oC)=wCe^ i - c ^ 

Therefore propigation constant will be 

r=v'(Z.n. 

= y'fa-LC.e 1 '* i-c.-ci) 

=u>x/(LC).e" : - C| 

=<-v/(Z.Q 

But propagation constant y— *+jP- so that 
y=a-h/0 

=o >\'{LC) e> I * 2 - 1 ' 5 <* " L * G - c > ! 

♦If you put 0 =tt/ 2 then W2-^=0 so that cos </>=cot ^=0 
which is true. 

fLet R -f jioL = A cos 0+jA sin 0=| A | t*'«, 
where .4 = V '(K J +<« S £ S ) fl-tan' 1 “f. 
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=oV(IC) [cos ji*-i (^+^)} 

+y*in{j—i (5 + 5)}] 

=«,V(/-C)[sin i (£+£c)+J«* * (dl. + ^)]- 

lm a«. Veined .iAS £?* - d 

cos «/»= 1. Thus 

*+]f!=my/(LC) [ J [—L + Zx) +i ' X ] 

Equating real and imaginary parts, we get 

„.vcw(5+^)-t[* 7(r) +c 7(r)] 

and p=oj^(LC). 

So characteristic impedance will be 

//Z \ /f o,L.e i *-1 

«= v'tZ./C) /.IS (C/wC-/f/«i)l radians. 

Here too we sec that «, the attenuation constant, is indepen¬ 
dent of frequency and /3 varies linearly with frequency. Zo. « >'- 
characteristic impedance, is also independent of frequency and the 
angle is very small, i e. we can take it as nearly resistive. Now 
taking | Z.WWC). a,,d P u,,,n 8 ,n cx P ress,on of«. we get 

—* (r5ri +0|Z - 1 ) 


If G is negligible, 

a=\RI\Z 0 \. 

Achievement of the Condition of Low Distortion : It is obvious 
that a depends upon all the four line constants R, C, L and G. 
Therefore with reference to their values, possibilies of low dis¬ 
tortion can be discussed. Since 

a=j \R>/{CIL) \-Gy/{LIC)\. 

It can be seen that if here too we apply the condition for no 
distortion, i.e. LC=RG, then 

a= J {R.y/{GJR)+Gy/{RIG)\ = V{RG)=RV{CIL)* 
which is the same as obtained in the case of distortionless line. 
Therefore to have low distortion, we should decrease the value of 
R and C and increase that of L. Now to reduce R, we require 
large conductors and to reduce C we require an increase of spacing 
between the conductors. But these result in an increase of cable 
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size and cost The best approach to improve the cable response 
i^to^ncrease the value of inductance for which the line can be 
wrapped uniformly with a tape of someferrousmatenalsuchas 
iron although this will be an expensive treatment Theway'S used 
for the cables, which remain immersed in water. For the land 
cables, inductance can be added in lumps at re 8 ul . ar ,n ‘l r J!' al ?' d 
cannot increase inductance indefinitely because alongwith indue 
tance, resistance of the line also increases. 

Lines of Low Loss : In the conditions of low distortion, we 
have completely neglected R. But inorder to be ctose to pract ca' 
conditions, one must account for R. Thereforein lhis ^" dl1 ' 0 ^ 
we shall make due consideration off?, neglectingG. Snce 
dissipative factor, this condition is termed as the cond'fon of/ow 
loss . P If the frequency of operation is very high, then wLpR and 
wC G and we can write 

Z~jioL, 

YzzjwC 

and hence propagation constant. 

y=a+#= VtZ-n-V( pu'LC) =jw V (EC); 
so a=0, P=U>\'(LC) 

and Z °=J(t) = J[z) 

Thus line is lossless lince a=0 ; further /3 varies Jinearly with 
frequency and hence no phase distortion ; characteristic impedance 
is purely resistive. 

If we do not consider such high frequencies then in that case 
approximation can be limited so as to neglect conductance only. 
Hence 

Z=R+juiL, 

Y=jwC, 

though <u L will increase rapidly as compared to R which increases 
as the square root of frequency because of the skin effect. 

The propagation constant will be 

y=<t+jP=y/(ZY)=y/{(R+jwI.) j*Q 


=j"V(LC).J[ l —j 

=>V(f-C) [ i -j 2 ZL + h{z~l} 

+ J H 


Since wL > /?, the term R/wL is small and higher power 
terms can be neglected. 
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■+*-f/(r)[ '-i(a)'] +i “ v(IC ( 1+ Ha)1 

- -un 

P=u>y/(LC) J 1 + 7 ( 7 .) ] 

As « depends upon «, and p does not vary linearly withi ». 
conditions of low loss do not fit the conditions of tow distortion. 
If, however, R be neglected completely, then conditions of lossless 
line coincide with those of distortionless line. 

In ordinary telephone cable, wires are insulated with paper 
(G=0) and twisted in pair (Z.=0), so that Z-R, Y-JojC g ^ g 

y =y/(jwCR)=V(,"CR) (cos 45° +j sin 45°), i.e. «= J ( — )=/3- 

—« z-J( Z y)-Mc)-J( r £)-A 

•/( 

and velocity of propagation =^- 

Ex A cable pair is loaded with <> »tH coils, at intervals of 
0-9 km. for operation at frequencies upto 16 kc/s. At this frequency, 
the primary constants of the cable ore : 

r = 72 ohm, L= 10 mil, C=0‘065 pF, G=S0,i mho, 

all per loop kilometer and the effective resistance of each loading 

coltis 4-5 ohm. Estimate the approximate attenuation per mile of 
the loaded cable. 

The attenuation constant is given by 


2 

ReJ^\ 
o»C ) 
~ R 


U)C 


-4 Mvm 


where 


^ « W ^ - 

= 72 + cffective resistance of each load¬ 
ing coil per km. 


72+ 


a 


= 77 ohms. 

1'0 + iductancc of loading coil 
per km. 


taken 


= 10 + 


(n) 


=7*67 w//=7’67x I0 * 3 H. 
(7 = 50 x 10“ # mho 
C =0 065x 10-« Farad. 
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Putting these values in the expression for attenuation cons¬ 
tant, we get 

77 //0-06 5X 10- 6 \ , 50x10-* II 7-67xl0’ 3 \ 
a ”TV\ 7-67x10-* ) ' 2 fj \ 0 065x 10"® / 

=0-1121+0-0086 
=0 1207 neper or 1 048 db. 

30*3. LINE TERMINATION : 

The purpose of transmission line is to transfer the maximum 
of energy, fed to it, to the load. The conditions required for maxi¬ 
mum transference are fundamentally based on two factors : the 
first factor is that the line attenuation should be minimum and 
has been discussed in last article; the second factor is the termina¬ 
tion of the line with a load of proper value. Thus the value and 
nature of the load largely affects the basic function of transmission 
line. We shall discuss the line termination with different loads, 
e g. zero load (short circuited), infinite load (open circuited), 
complex load, etc The important of this discussion is to know 
that what are the voltages and currents at different points of the 
line and how the input impedance of the line varies with different 
loads. 

We know that rellection coefficient is 

Zr—Zo _ reflection voltage 
^'“Z/t+Zo incident voltage 

so that when load impedance Z R equals 2 0 . the characteristic 
impedance, reflection coefficient p, is zero, i.e., reflected vol'age is 
zero, which means that whole of the energy incident on the load 
is absorbed by it and no energy is reflected back. Thus if a line is 
terminated hy characteristic impedance , then best matching con¬ 
ditions are obtained since w hole of the input energy is transferred 
to the load. For such a matching, characteristic impedance 
being dependent upon line constants is fixed for a line, load impe¬ 
dance is to be controlled. However, in most of the cases, it is not 
possible to control the load impedance. To obtain matching con¬ 
ditions in such cases, stub line is connected in parallel to the main 
line. This way of matching will also be discussed towards the end 
of this article. 

Furthermore, greater is the difference between load impedance 
Zr, and characteristic impedance, Z 0 , greater will be the magni¬ 
tude of reflected voltage. / <*., reflected wave is then sufficiently strong 
and the same amount of attenuation will be caused by the reflected 
wave while traveling on transmission line as is caused by the 
incident wave. Thus'to avoid losses due to attenuation, suppression 
of reflected wave is almost necessary. 

In the discussion of the termination of a transmission line, we 
shall analyse a purely lossless line, /' e. t for which <x=0. The lines 
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not terminated by characteristic impedance are called resonant 
lines while those terminated in characteristic impedance are called 
non-resonant lines At radio frequencies u>L P ^ and i»C > 6 and 
therefore, we can take R=G=0 approximately. When /? = <7=0, 
attenuation constant a is zero. Thus we are, infact, considering 
here the lines at radio frequencies. 

Since we are to discuss conditions on the line with reference 
to load end, it will be most convenient to measure the distance 
from the load end, i.e., equations of voltage and current, which 
refer to load end as the origin of coordinates, will be employed. 

(i) Line termination by 
zero load, i.e. short circuited 
line (Z«=0): Consider a line 
short-circuited at the load end 
and connected, at the stending 
end, to a generator of internal 
impedance Z 0 , equal to the 
characteristic impedance of the 
line. Since the line is terminated 
by an impedance other than 
Z 0 , there will be a reflected 
wave i.e . resonant line. 

Since at input terminals the load is Z 0 . the line will behave 
with respect to reflected wave exactly like a line terminated in 
characteristic impedance and hence steady si ale conditions are 
reached as the reflected wave reaches input terminals. 

\\'Eh /k Z# refer to load end. then obviously Z*-0 are 
hence from Zr^Er'Ir-Er 0* That is, at short-circuited end 
voltage must he zero which means the voltage developed at the 
load due to incident wave and that due to reflected wave must be 
equal in magnitude and opposite in polarity. Therefore, if we 
denote Er* as the voltage at the load due to incident wave are 
E r - that due to reflected wave, then 

Er'^-Er" 

The conclusion follows from calculation of reflection cocflicicnt 
which in this case is — I, so that Er * -- - Er . 

Since the current is not zero, hence they will i.ot be of opp- 

site polarity i.e., /«* = /*”. 



•At the load end 5=0 So that Er = Er' e >] '— Er~. Now /:*=0 
because Y.r — 0, Ir is thus not zero. Further /* I N * { / r~ ai the load end 

z*-z 0 


and reflection coeflicieni is | p | 


— 1 = I.e' 1 ''", but lor cuir- 


z*+z 0 

ents, since /« # 0, there is no phase reversal and hence /** = | p \ Ir~ = 
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The above conclusion can also be reached at as follows : The 
energy in the electromagnetic field is equally divided j> etwee £ 
dielectric field (electrostatic field) and the magnetic field, that is, 
(i€ 0 E 2 +i/*otf 2 )- With the voltage at the shorted end reduced to 
zero, the electrostatic field collapses. This energy is not lost nor 
can it be dissipated in the short circuit. There is only one possible 
explanation—all energy must now be in the magnetic field. In 
order for the magnetic field strength to increase, the current at the 
shorted end must increase. This implies that the current wave 
must reflect back in the same phase as it would have continued. 

Now we consider a point P at a distance s from the load end. 
Let voltage due to incident wave at P be £ + and that due to reflect¬ 
ed wave be £-. Then in travelling to a distance, 5 , from P to the 
short circuit end, the incident wave is delayed by a phase ps> 
i.e. t £ + =£*V*. 

Similarly, reflected wave, in returning to point P , is delayed 
by an equal amount, 
i.e., E-=E„-e-i". 

Thus total voltage at P 

E=E++E~=Er* e*+E,r 

=£*‘ 

=j.2Eg* sin Ps. •••**' 

Similarly, the current at P, 

/=/++/-=/„ + «'*■+/*- e-«“ 

=1 R * (e'*+e-«“) 

=2/« + cos ps=2^rr cos P s - ••■(2) 

Occurrence of j in equation (1) and absence in eqn. (2) shows 
that E and / will be always 90° out of phase and £ is leading / by 
90°. Now we shall plot phase of E and /, amplitudes of E and/, 
and voltage-current additions (complex number diagram) at diffe¬ 
rent points of the line (for different s values, being measured from 
load end). 

To plot | £ | and | / | : From equation (1), 

£=2/£* + sin fis. 


*We know that 


£ _Z 0 [Ae**+Be- YX ] 
I Ae rx —B~ yx 


For incident wave at the load a =0, so that 

Er+ ^ Ae y '° 
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05 =0, i.e.. 

5 = 0, 

E—0, 


5= JA, 

E=jV2 Er 

pS = \7T, 

5=J A, 

E=j Er ♦, 

Ps=3rr/4 t 

5=3A/8, 

E—js/2 Er 

pS=n, 

5=}A, 

E= 0. 


From equation (2), 


/= 2 - cos fis, 

Z 0 


ps=0 , i.e. s=0 1 =U K - 

ps= }*, /-— \/2Ir* 

Ps=\-n, s={\, i= 0 , 

ps=i7r/4, s= 3A/8 I= — \/2 h' 

ps = n, 1=—2!r*. 

To plot phases of E and I : We know that from ps= 0 to ISO' 
sine does not change its sign and hence £ will not change its 
phase till 180°. But cosine changes at 0 j= 9O so uploPs-0 to 90 
phase of / will be same but after 90° its phase will be reversed 
i.e., a phase change of 180° till ps= 270 . Further initially £ is 
leading / by 90° and hence the plot (fig. 7). 


/=2/, 4 
/--= v/2/„* 
/=0, 


l=-s/2 I* 

I=—21r*. 



mo* bo- 

0£ Of £ AMD / 


A - 9<f K 


tSo 90 

PHASE Of E AND l 
e 


O 


At 4- 


‘zsrir ‘f ‘p ~ 




(■" "if 4 


t70® 2*5* HO* 


Fig. 7. Variation in the magnitude and phase of voltage 
and current on a shorted end line. 





1112 


Hand Book of Electronics 


=j.Z 0 tan ps. 


Complex Number Diagram : With knowledge of amplitude 
and phase, complex number diagram can be plotted For example, 
at Bs-=\*,E=i/ 2E r + , for which it is necessary that £ and £ 
should be inclined at 45° with resultant £ etc. 

It should be noted here that upto quarter wavelength of the 
line (s=\ A) voltage is leading current which is an inductive ettect 
in which voltage leads the current. 

The input impedance of this line will be 

Z _ 1 2E * sin =j.Z 0 tan ps. 

Z,_ /+ -IEk+IZo cos Ps 

Since 2, does not contain any real part, the input impedance 
of short-circuited line is purely reactive. The plot ofZ, with ps is 
shown in fig. 8. From /A/n/jrr/v/ r 

phase diagram, £ leads I /i | /I ' 

from fis-=0 to 90' or s=0 . /j j / | 

to JA and therefore react- mJ / , i / i 
ancc is inductive. But from ^1 / I I / • | 

/fc=90° to 180 , i.e. 9 s=i A S __L^ —!__* 

to JA, current / leads 

voltage £/>., a capacitive ^i / J j / 

effect and hence reactance I ,/ - \ i 

is capacitive and so on. cJac/t/v£ |[ j jf ! 

We sec that minimum \loao 

ST ,fc “l Z, is , function of pi. 

tity, S t to be the ratio of maximum voltage to the minimum 
voltage on the line, then 

S-%^ = oc. 

Cmln 

For such a line, S is termed as standing wave ratio. 

(in Liuc termination by infinite impedance, i.e. open circuited 
line (Z/t=oo) : Line is shown in fig. 9. Since load is different 


cAPAcmve. 

\loao 




S } G£*£*ArOR 


LOAD S/VO 

Fig. 9. Open circuited line. 

from Z 0 . reflected wave will be produced. The internal resistance 
of the generator is assumed to be Z„. This assumption is made 
for steady standing wave pattern to exist on the line. 
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At load 


E r 


= Ir- 


Since Z„=<x /* is*zero. Therefore currents at the load due 

to reflected and .neident waves will be same in magnitude but 
opposite in polarity. Hence here, 

Rut voltaaes £**=£*'; we can reach at this conclusion 

(W IT"') T With current at the opeVTdleduced !o zero'! 
the magnetic held collapses. This energy is ^ ^ 

be dissfpated in open circuit. Wore he-^c field 

strength *t o* increase! "t h e'^voi t age SS S- ** , .he 

same phase from open end and hence at point P, 

£=£*+£-=£* VW'+fjfc-'' 1 ' 

=2£«* cos ps — 11 ’ 

and /-/*+/•- '* . 


2)1 r sin ps=-j sin •” (2) 


Thus, as compared toprevious ^h'was^’mi'c for' volt Je in 

^vT^«s e casc7s nwlrwfor' current and the plots of magnitude 
and phase of E and / will be as shown in fig. 10. 

7, ~ -JZ.colps. 



Fig 10 . Magnitudes and phases of t‘ and / on an open end line. 

Whe. Z.i. Vj —" *• ■»= curve, of .Uc 

• r II a 


When is piouvu — - : 

form, shown in the fig. U. arc obtained. 
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It should be noted from the phase diagram that from fls =0 
to 90°, i.e. upto ^=iA, /leads 
E i.e . capacitive effect and 
hence Z s is capacitive : but from 
s ={A to JA, £ leads / and Z s is 
inductive and so on. It is quite 
obvious that input impedance 
of an open circuited line is 
purely reactive. 


The value of standing ratio, 
S t will be again infinite for such 
a line since E mln . is zero. 



atf 

Fig. 11. Plot of Z t as a function 
of $s. 

Example. What length of line is needed and how should it be terminated 
to act as a capacitance of 2 pF at 500 mc/s. The line impedance (Z 0 ) is 30 
ohms. 

For open circuited lines, input impedance offered by (be line is 
Z,=Z 0 cot ps. 


It is given that 


Z t -capacitive reactance 
1 


1 


Therefore, 


or 


" 2t j/C ”6-28x5xl0*x2xl0- 12 
= 159 ohms. 

159=300 cot ) 

300 


2tt 

T s 


tan* 


so that 


But 


159 
=tan _1 1*9 

3 4i-=62-3‘ 

62-3 , 
S “360 
. 310*o 


500* 10* 
Therefore line length is 


60 cm. 


5= 5^ xA=0 ' 173A=l0 ' 38 cra ‘ 

Similarly for short circuited lines we can show that 
S=0‘423A 
=25*38 cm. 
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Problem 1. For low loss transmission line section which are 
much shorter than A 14, show that the input reactance can be repre- 
sented by 

Zs=(*>Ls when line is shorted 

and Z s =l/*Cs t when it is opened, 

where L=Z 0 /v and C=l/Z 0 v are the inductances and capacitances 
respectively , is the velocity of the wave on the line. 

For short circuited line sections ; 

Refer to fig. 8. For ps < 90°, or J<A/4, input reactance is 
inductive. It is given by 

Zs=jZ 0 tan ps 

when i < A/4 , ps <90° or ps=0°, we have 
Z s =jZ a ps 



= j. —. Inf.S^jwLs. 
J V 


or | Z, |=a tLs. 

For open circuited line sections : 

Refer to fig. II. For jfc<90° or 5 < A/4, input reactance is 
capacitive. It is given by 

z,= -yZo cot ps 

= -j z " 


tan ps 


-•I 


(when ps A/4) 


= - j. Z 0 v. 


i I 

ot, ‘ 2nv'S 


.1 _!_ i_ J 

J C 2rrf S wCs 

or I Zs l= ^‘ 

Problem 2. State the type of transmission line termination by 
which complete refection is produced ? Is it possible to replace 
reactive load by fictitious open and short circuited extension oj the 
line ? If so, find the equivalent short circuit extension of the reac¬ 
tive load of j.600 and equivalent open circuit extension of the reac¬ 
tive load of—j.500. What is the use of finding such equivalent 
extensions ? 
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Following terminations produce complete reflection 
(/) short circuited. | p 1=1, 5=co (P=—l) 

(//) open circuited, | p |=1, S= co (P=+l) 

{Hi) purely inductive (/ will lag E by 90° so P=EI cos 90=0) 

(iv) purely capacitive (/ will lead E by 90° so P=EI cos 90=0) 

The effect of reactive load can be observed by replacing it 
with fictitious open or short circuited extension of the line. The 
length of the fictitious extension is so chosen that the reactance 
seen at the actual load end is the same (input impedance of the 
extended section is equal to the load). 


AC too/ ///re 



<\u 


F'g. 12 (o). Equivalent short circuited extension of reactive load. 

Voltage maximum occurs at length <A/4 from Z r end. 

Case 1 : Equivalent short circuited extension of reactive load 
j.600 ohms : Extension is shown in the fig. 12 (a). Let its length 
be Then we should have 

Z,=Z*=/6 00 
But Z>=jZ 0 tan pi' 

so that y.600=/Z o tan pi' 



0-156A =r 


or 
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Since /' < A/4 so Z s is inductive. 

It implies that an inductive load is equivalent to a short cir¬ 
cuited extension with a length smaller that A/4. Since L is zero at 
the fictitious shorted end, this places a voltage maximum at less 
than A/4 distance from an inductive load. Larger inductances are 
equivalent to longer extensions and the voltage maximum moves 
towards load end, until at infinite inductance, the effect is that of 
an open circuit. 

Case 2 : Equivalent open circuited extension of reactive 
load—j. 500 ohms : For open circuited line input impedance is 

Z= _;_2!_ 

1 tan /?/' 

400 

or —-'■500- J- iST/jT 

or ,an (t '' H 

or /'=0*10 > A 

Since /' < A/4, Z, is capacitive. 

It implies that a capacitive load is equivalent to an open- 
ended extension with a length smaller than A/4. This leads to a 
voltage minimum (or current maximum) at less than A/4 distance 
from the load. Larger capacitances are equivalent to longer exten¬ 
sions thus causing the voltage minimum to move closer to load. A 
very large capacitance gives the effect of a short circuit, with £=() 
at the load. 


Ac^oo/line 


Z 0 = 400 OAms 


2*1—f-600 
* ohms 


£q>o/t/0/estt l/fle _ j«- l'-*\ 


I 

I . 
I t 


s 



Fig. 12 (b). Equivalent open circuit extension of reactive load. 

Current maximum occurs at length <A/4 from Z« end- 
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The use of these extensions helps us to slocate maxima and 
minima of voltage and current on the line. Thus standing wave 
pattern and hence the impedances at various points is found. 

(iii) Line Terminated by some Resistance : This case is of 
much practical significance. 

Let us now consider that a transmission line is terminated by 
a resistance R and suppose the characteristic impedance, Z 0 * of the 
line is R 0 . Consider, when switch S is not closed, the initial value 
of current is h and the voltage at the input terminals of the line is 
e t . Now when S is closed, I x becomes / 2 (say) and e x becomes e 2 . 
Then =(e 2 —ei) voltage wave will travel towards the load end 

and therefore corresponding value of current will be 

Thus under such conditions, the equivalent circuit can be 
represented as shown in fig. 13 ( b ). 

This equivalent circuit can be replaced by another by applying 
Thevenin’s theorem as shown in fig. 13 (c). 


i 

EQMALENT OtCun 

U) 



Equivalent qrcu/t 



Fig. 13. Line and Equivalent Circuit. 

Now in this overall series circuit total voltage is 2e + and total 
resistance is (R+R 0 ) and hence current will be 

hr 2e+ 


R+Ro 


Therefore e R =I R -R 


2 e+R 
R+R 0 


Voltage e R at the load will be due to the sum of incident volt- 
tage e + and reflected voltage er and hence 


e-=e R -e+- 


2e + .R 


R+R • 


e 4 =e+. 


R-/? t 

X+Rt 
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Therefore, reflection coefficient, 

reflected voltage _ e~__ R — R„ 
p ~ incident voltage e* R + Ro 
If R=R 0t p= 0, no reflected wave, 

R=0, p= — 1. wave is reflected with full amplitude but 
reversed in polarity. 

Thus the amplitude and polarity of the incident wave on 
reflection depends upon the ratio R/R 0 U R > Ro> P is positive, 
/.<?., incident wave and reflected wave are of the same polarity. 
If A < R 0t p is negative i.e. polarity of the reflected wave is 

reversed. 

Now we shall discuss a particular case when the line is ter¬ 
minated by resistance equal to 3 times the characteristic resistance 
of the line. /.<?., R = 3R n . 

_ . . _ 3/?„— R 0 

Obviously P=f^rR it 
=0-5. 


Since p is + ve, reflected 
wave will be of the same pola¬ 
rity but of half the amplitude 
of incident wave. So if ' s 
the voltage at the load due to 
incident wave and Er that due 
reflected wave, then 

£/? - =0’5 £/* + . 

Further, the incident and 
reflected current component 





13 . (j). Line icrminaicd in thrice 
the characteristic resistance. 


are given by 





R 


0 S E h * 
R ,. 


The explanation for minus sign can be had a * fo "°^ 
voltage is reflected back from load >n the same P f h H e ; ir o S(a fjc 
with half the incident wave amplitude, the strength '^d*'™*** 1 * 
field increases. This implies a corresponding decrease in current so 
that I H -=-0 5 I R + at the load. 

Now at the distance 5 from the load end, the voltage will be 


£=£*+£- 
=E K t c i “’ + E K -0' 11 " 
=E K +e“"+?E K +e- l '“ 
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E=Er+ (1+p) cos ps+jE R * (l-P) sin ps 
= 1-5 Er* cos Ps+j0’5E R + sin ps, 

so that at Ps = 0. i»e. s—0 E=\5 Er* 1 Both are perpendi- 

ps= 90, i.e. s= A/4, £=/ 0-5£« + J cular to each other. 
ps= 180, i.e. s=A/2, £=- l’5£* + -»phase is reversed. 


Hence we can plot | £ | and express the complex number dia¬ 
grams as a function of Ps as shown in fig. 14. 

Now for the plot of current we see that current / at P, 




so that at 


R 0 • Ro 

=^ R+ . e -m 

Ro Ro 

= %r (1_ ' ,)cos *+* ^ (l+p) sin * 

=0 5 /k + cos Ps+j. 1*5 I R * sin Ps, 

Ps= 0, i.e., 5=0. 7=0 5 7# + 




Ps=90, i.e., s= A/4,7=y 1*5 7* + , 

/fc-180, i.e.,*-A/2, 7=-0-5 7* + . 

These data help to plot magnitude and complex number dia¬ 


grams for current. 

Here we note that £„,,„.=0*5 | Er*- | 

£««*.= 1*5 | £* + | ‘ 

Therefore standing wave ratio 

1 E mox . 1 

C __ En.ox. 

nicr 

V2" 

i e. the amount of variation of r.m.s. voltage in such a case will be 


From complex number diagrams, we observe that maximum 
voltage occurrs at points where reflected and incident voltages are 
in phase, while minimum voltage occurrs where the two are in 
opposite phase and hence 

| £»«/.*• I = | Er | + | Er | 

= I £*M + I P I I Er* | 

“0+1 PM Er* I 

I E min . | - | £ t * | - | £*- | 

= | Er* | — | P | I Er*\ 

=(1-IpD l Er* |. 


and 
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MAW/TUQ6 Of £ A/VO / 


<6; 



Fig. 14. Voltage and current relations for a line terminated in a 
resistance R- 3/?*. 


Hence S.W.R., 't’lpV 

The relation clearly shows that when reflection coefficient 
tends to zero, standing wave ratio tends to unity ; while when 
reflection coefficient is unity, stand.ng wave ratio tends to infinity. 
The latter case is with short circuited or open circuited lines. High 
value of standing wave ratio is always undesirable since it results in 
the reduction of maximum power that can be transmitted by (he 
line, i.e., the reduction of power capacity of the line—the limit to 
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the power is set by the maximum voltage between the conductors 
that the insulation can withstand. Let this maximum or limiting 
r.m.s. value of the voltage between the conductors be | Eu m |. 
The power transmitted from the source to the load by a loss less 
line is 

P =| E max . 11 Lin- |, 

since at a point where voltage is maximum, current will be mini¬ 
mum, and phase difference between voltage and current is zero in 
case of resistive load. Substituting | /„/«• |=| E m m • |/Zo» we get 

» I fi™. | | £■* J 
r ~ 2 ' 

where Z 0 is the characteristic resistance of the line. Further the 
standing wave ratio is 

p 1 E max . l_ l Eu m . | 

\E mln .\ | E mln . | 

so that 



Therefore power transmitted becomes 
n \ E lim \ \ En m \IS 
Z 0 

Z 0 S • 

which shows that standing waves cause a reduction of power capa¬ 
city. In short or open circuited lines S is infinity so that P is 
zero. 

(iv) Termination by complex impedance : We have noted 
that in the case of short circuited and open circuited lines, wave is 
reflected with opposite and same polarity respectively but with full 
amplitude. However, in the case of resistance termination there is 
a change of both amplitude and phase depending upon the value 
of load resistance. Similarly in the ca*c of complex impedance 
change in amplitude and phase depends upon the value of the 
impedance. Suppose the load is such that p=0‘5e'- 00 . 

Then obviously, 

|2l=0-5e'*\ 

En-=0-5E R -e>'°. 

Thus phase between reflected 
and incident waves will be 60 : at 
the load and the amplitude of 
reflected wave is half the ampli¬ 
tude of incident wave. 

Total voltage at the load 

=e r ++e r - 

=E/r+0*5e / #0 £* + 



oar'** 
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=E r + + 0*5 E r (cos 60+7 sin 60) 

= 1-32 Er 

Total load current=/R l — 

= E*1 r|_0'5 cos 60—0*5 j sin 60] 

=0-866^-e— 34 . - (2) 

The general equations for voltage at any distance, from the 

,oad end wili be £=£)|i . e » l + 

Let Er~ = Er'p 

=E r ' |/>|e» . r . 

£f£«V*+ I P I C ‘*- E * * ' 

(1 + I P I **) cos P S 

+jEn‘ (i— i p I e *) sin P s - -0) 

Similarly for current the expression will be 


R>. 


= E * r e»>-\ P \e»^.<r»' 


i.+’/i—l P I e'*) cos fis+jh 1 0+1 P I *'*> sin Ps - -J 4) 
- / * too WC can plot the complex 

Like the previous case here too P at different 

number diagrams, |p^of equations (3) and (4). 

points ot the line correspond to the quantities at 

, ht .MTEtaJ V&r •“ ,ht “” umcd ,,ln ' 

of reflection coefficient is therefore 


z ' , “ 77 


•32 


n p l (19-1-30) 

' 0=866 0 

l^oTxed an ^proachto secure matching condition is, however, 
being lixed, an appro parallel with the transmission 

point of con,act both are 

imP ' lSIswISw iTiMwUhcharactcristicresistance /?,and ter- 
• a 7»!t hi a resistance R Suppose at distance / from load end, / e.. 
MA A points a stub line is connected. Then if the reflected wave on 
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the transmission line at AA, becomes equal and opposite in 
polarity to the wave on stub line at AA, then both will cancel out 
and there will be no reflected 
wave on the transmission line 
in the portion XA. Such a 
behaviour is expected only 
when a line is terminated in 
characteristic resistance or in 
other words, the net impedance 
at AA points should be resistive 
and equal to R 0 , the characte¬ 
ristic resistance. It means the 
stub line must offer only a resis¬ 
tance equal and opposite to the 
reactance of the transmission 
line at A A, so that both cancel 



A*OV46ie 

SHOfiT 


Fig. 16. Stub connected line, 
out and only resistive component of the line impedance at AA is 
left. Thus stub line should be such a line whose input impedance 
is purely reactive (no resistive component is present) for example, 
short-circuited line. 

Thus there are two considerations : 

(a) length of the line to the points at which stub line is 
connected from the load end should be such as to offer a resistive 
component R 0 in the impedance. 

(/>) length of the stub line should be such as to cancel the 
reactive component of line impedance by its input reactance. 
Mathematically, input impedance at A A of the line will be 

*7 = cos fM+J R Q sin 

ln (R 0 cos pi+jR sin pi) 

or input admittance 

Y — = Gin "f jBin, 

£in 

where (//„=•=-= conductance, £ ifl = -^- = susceptance 

'Wn Aim 




R p cos PJ+jR sin pi 
R 0 (R cos 2 pl+jRo sin 2 pi) 

RRo 

/?,, {R- cos 2 pl+RJ sin 2 pi) 

, j (R 2 —R 0 2 ) sin pi cos pi 
R 0 [R* cos 2 pl+R/sin* pi) 


*Z 


In 


E,_ E r cosh yl±I R Z n sinh y/ 

1 1 ! r cosh yl+ERlZ 0 sinh yl 
Now here Z () =/? 0 and pu iEr=I r R; y=jp so that sinh yl=j$ in pi; 
cosh yl = eos pi. 
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We know from consideration (a) that / should be chosen such 


that 


c,n ~ 


RRo 


R 0 (R' cos* pl - t-*© 2 sin 1 pi) 

jL cos'" pl+ Sin- 0/=cos* /M-r sin 2 pt■ 

*' CO,- f»-( i-£)-*w 
tan 2 pl=RIRo 

tan pl=^/(R R u)- •••(!) 

This relation obviously gives the length / of the line from the 
load end at which stub line should be connected. 

Now for consideration (/>) : 
input reactance of stub line=j^* 

(/;), we should have 

I 


‘ = -jK„ tan ps 

JOm 


or 

or 


jBln = — 


I 


jRm tan ps 


sin pi cos pi (/P-WL. « _L. - 

J • * 0 (K 2 COS 2 0/ + /?o* M lan ^ 

/?- co s* /*/+/*„•- sin - pl 
tan ps- - (RZ _ Ro ‘ } sm pi CO s pl 


\+~ 'an’ pl 


•4" 


V(r) 


> 1 ) 
, 7 d) 

“HD 


or 


••(2) 
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This equation gives the proper stub line length. Thus having 
formulated the two considerations it is possible to matctra tran 
mission line by the application of a stub line This causes the 
maximum transference of energy from input to the: loadI end. From 
load end to stub connected points the line is resonant one, but 
from stub connected point to input end the line is non-resonant. 

•To obtain the values of the line length and stub line length in 
terms of standing wave ratio : 

The input impedance Z,. looking towards the load from any 
point (distant / from load end) on the line, may be written as 
_ Ei Er cosh yl+h i Z 0 s inh yl 
Z '~I, Ir cosh y/+£a/Z 0 sinh y/ 

. „ e ,, +tr fl 

Ir Zr .—j— +Z °' 2 I 

=- lyr+g-w Zr e>‘-e-* T 

H 2 ^Z 0 2 ] 

_Z„ [iZR+Z 0 \e'"_+iZR-Zo) e- ,, ]_ 

(Za+Zo) (Zr—Zo) r* 

ZJe”+pe-” ] 

- 

where called ,herC reflec,ion cocfficient - 

If the line is lossless a=0 i.e. y=jp and writing #>=| P \ c lf , 
wc find 

p | e nt-pi) 

If the characteristic impedance is purely resistive, then Z 0 =Ro 
so that 

7 p r | +IPl^ w 1 

^•LHp I efr-W'J 

Input admittance, 

v 1 l/l-l 

Y,= zrR a \T+\p\ L(*-m) 




T+l p I Ld 


-m \ 

-2 PD ) 


•From equations (1) and (2) wc can also arrive al the same requirement. 
With load R , reflection coefficient is 

R+R„ 

_ i+W_£ 

so that 5 = 

giving tan fU=V s 

vs 

and tan p s — j-* 
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Writing T n =Go ' wC gCl , n 

r,_| P | cos (*-20/.-; I p I sin 1 

*-«•[ nfcTcsm-®)* j 1 p 1 iin }"?£ 1 


r,-/1 P I Sin W-2J0ZUJLE? 

' = c ° [i +TTw7? -2M +J I p l J 

M -y I p I Sin (*-2/M)+l P COS 
v -—- v-'-r . ,± otii\—i P sin (♦“2p/)J 

x [i +i p i cos „. s .-Lu-ibi 


“ c ° Tife- 2p, ri;r 

r-|_| p P— 2 / | P I s,n 

Therefore, 

^ 1 —l P l"___ —0) 

g;=- i + | p l-i 2 l p l cos ( ^- 2 /i/’ 
d —2 | P I sin (•£ — -£/* •••(**) 

and cT„ i +l P l i + 2 /’ 1 “J 'rcsisUvL part of input irnpe- 

No^our.fait ^l^^^nd m&t be equal to the 

^IfX^Jrrand hence 


dance at a po.n. -— d hence 

characteristic resistance a. ^ 

G,m Ta 


(7/ . (Since G 0 = 

So that o # ’ ' 

Therefore, from equation (D.^geJ 

1- , + \ p I* 1-2 | P ! cos 
... p ,i + 2 1 + P 1 cos (*-20/)= • "l P l* 
+i ipI+‘os u-m~" 

CON —20/) = “I P l- 

Since W(-|PD—+ C 7' ,1M * 

cos (/——1»^ n = jr or — 7T 


-i) 
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That gives the length of line at which the stub should be 
connected. 

Now second condition is that (he reactive part of input 
impedance at the point distant / from load end, i.e. Zi must be 
cancelled by the input impedance of quarter wave line. Hence 
the stub line must offer only reactive impedance. Such lines whose 
input impedance is purely reactive are short circuited and open 
circuited lines. Let us take a short circuited line. The input impe¬ 
dance of a short circuited line is 

jR 0 tan Bs 

where s is the length of stub line. 


So the susceptance B s is 

D _ 1 

J ytfotan ps, ' 
i' e ' Bs=—jG Q cot Ps. 

The second condition demands that susceptance of stub, B n 
required to cancel the line susceptance, must be negative of 2?/. 


= . n _2 | p | sin tf-2 pi) f M 

+ 0 l4|7j i +2| P |cos (*-2pl) from (4) - 
Putting the value of / from equation (3), 


B=G -2 | p 1 sin (tt- cos- 1 | p | ) 

0 1+| P |*+2 | p | cos (tt-cos- 1 | p |) 

_ G _ 2 | p | cos Tr.sin cos -1 | pJ_ 

= °‘ l-| ‘p|*+2 | p | cos w.cos cos' 1 Tp | 
Now putting cos' 1 | p |=0, 
then cos 0=| p | . 

sin cos' 1 | p |—sin 0=y/(\-\ p|*) 
and cos cos" 1 j 0 |=cos 0=| p |. 

Therefore, 


d -r. ~ 2 \ P I VO -I P l ! ) -2 G 0 I p | Vd -I P l J ) 

‘ ° 1 H P I 1- 2 | p |* ~ 1 — I 

Putting B,=—G„ cot ps, we find 

... 

£ _J 

Putting, | p I= 5 q 7 i-. 5 being the standing wave ratio, 
P 2 .( 5 - 1 ) 


•■( 6 ) 
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■■■ <4 - &r, 

„‘sfaa:5f sr-J ‘ * s» 

standing wave ratio as follows . 


<f> + 7T- cos 


...( 9 ) 


(s + ! ) ...(8) 

= — 2 p 

If ihc phase of reflection coefficient is zero, then 

. n - coi ~' (sTt]_ ...(9) 

/=- 2p 

_ .• f , 7 x 9ru i (iu are the desired relations for the stub 

line ,inC ' ene,h - '* rCqUirCd ^ Pf0PCr 

short circuited stub line is preferred as compared .0 open 

circuited line because of following reasons: 

( n\ a short circuited line can be easily constructed, 

Lt the load end and thus stops all field propagat.on . 

30 4. STANDING WAVE RATIO : 

A in art -»4-3 that if a line is terminated by a load 

othe^an characteristic rmpedanee. a reflected wave exists on the 

Esw kig-t ^^^r^rrr.st^ 

reflected wave faces P q bc comp | c ioly absorbed ; 

SESKVS» T £ 

standing waves i.e., 

I Linn*- ' .••(!) 

•Xl^slsTiso^crmed "^^**®*"***j*^jj®|^|*^^ 

wave raiio (/ > SW'/0* 
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so that 


...(3) 


Since | E ma .*. |— Zq I A»ax* | 2 nd | E m in- | Zq | l m in- 1« 

5= JWI , .-(2) 

I I min- I 

The voltage at a point on the line will be maximum if the two 
wave components £ f and E~ satisfy inphase condition, 
\E max .\=\I R (Z R +Z Q )[\+\ P \]. 

. , „ I E mox . | 1 + 1 p | m 

sothat s =|-£^n = M7T . " () 

expressing standing wave ratio as a function of reflection coeffi¬ 
cient. Obviously, as for short and open circuited lines reflection 
coefficient | p | is unity, standing wave ratio is infinity. For a line 
which has no reflected wave (a line terminated in characteristic 
resistance), reflection coefficient is zero and standing wave ratio is 
unity. Variation of S with | p | is shown in fig. 17 (a). 

Further, power delivered to the load, P, as a fraction of 
incident wave power or power delivered to a matched load can 
also be expressed in terms of standing wave ratio. Because 
P P>-P- , P~ , \E-\* , , 


From equation (3), 


—s 




,_S-! 


so that 


'Ui 

P> \S+1) (S 


45 

(S+l) ! 


when S-* co, we can write 



The relation predicts that a higher value of standing wave 
ratio leads to the reduction in power delivered to the load and is, 
therefore, not desirable. The dependence of power delivered to 
the load can also be displayed on proceeding with equation (1). 
Since a point of voltage maximum on the line corresponds to a 
current minimum, we can write, 

P= | £»,o,. | | Imin. | 




VALUE Of I PI 
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we arrive at. 





implying that a higher value 
reduction of the max.mum power o ^ 



nj<> n («). Standing wave ratio as 
a function of reflection 
coefficient. 



flection losses. 


coeiticicm. . . . „ 

\ R,-K»\ 

p ~ \Ri--Ro] 
so that the standing wave ratio is 

1 R,-Ro I 


+*rr) *• 




*■ 

If the same line terminated in R, such that is greater 

than R 0 , then 

r J R2 -*q\ 

so that the standing wave n*> will come out to be 

/a\ and (7) if t^ c standing wave ratio is 
From equations (6) ano 

same in both the cases, we get 

Rt _ Re , 

,ha, is, characteristicTesisiance would be .b. 

the two terminating resistances. 


...(7) 



1132 


Hand Book of Electronics 


The standing wave ratio on a transmission line can be observed by 
exploring along the length of the line with a pick-up arrangement that will 
indicate the strength of either the ‘electric field’ (line voltage) or the magnetic 
field (line current) in the vicinity of the line. For coaxial systems a typical 
example of such a standing wave detector is shown in fig. 17 ( d ). 

This consists of a sliding probe which extends upto a short distance 
into a slotted section of coaxial line. The probe is connected to a crystal 



Fig. 17 (c). System for measuring standing wave ratio. 


detector and microammeter. This device actually measures the electric in¬ 
tensity ; but, however, the electric intensity is proportional to the voltage 
between conductors, so that the standing wave indicator may be assumed to 


n 

fwodf. rj\WG 1 

ADJUSTMENT r- 


M0trtSLESH0fi7 

CMCO/7 



J/ELECrAfC 

Si/pwr 


Fig. 17 (d). Probe and detector connection. 

be a voltage measuring device. An oscillator is connected to one end of the 
slotted line, while the other end is connected to the unknown impedance or, 
alternately, to the input of the transmission line to have its standing wave ratio 
observation. A scale on the standing wave indicator is used to measure the 
distance between the terminal impedance and the voltage maximum or mini¬ 
mum. In this way standing wave ratio is determined. 

Lecher-wire system for measuring frequency of a microwave 
oscillator : 

A section of transmission line is connected to the resonant 
circuit of the oscillator. When the line is adjusted to a resonant 
length, the energy coupled from the oscillator is able to build up 
an oscillation of large amplitude on the line. The shorting bar is 
moved along the line. At the shorting bar the standing wave of 
voltage will always be zero and the current standing wave will be 
at its maximum. Therefore, if a current indicator is connected in 
the shorting bar, it will detect the positions of resonance when the 
bar is moved on the line. Thus a shorting bar is moved over 
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gSB&Sfozt. 




M/c/eo**** 

OSC'LLATOft 


Fir. 17 (e) Lecher wire system for measuring 
P ‘ frequency of a microwave^scillator. 

u made of the distance between two 
the line and a l^ha? produce tesonanee. This distance is the 
successive positions tha frequency of the oscillator can then be 
half wavelength. The ireq j 

round out. - I ,-haracteristic impedance of 

Ex. 1. A transmissian line tun w ^ ^ 

300 ohm is ,erm,na,e i meter reads a maximum voltage of 7'5 pV 

SIVR measurements. I e meu should he the load 

and a minimum voltage oj jpr. 
resistance ? 

Standing wave ratio is given by ^ ^ 


1+ I P 

I—1 t 


1 + 


I 


Zr \ Zq 

Zh—Zo 


Zr 

z„ 


Also 


I Emm* | Z* 



...in 


or 


Z.r-\~ 7„ 

Zr 

z» 

7’5/i V ZjL 
5-Q uV 3(H) 

Z « =s300 x P5 —450 ohm. 

• >nf n resistance of 180 ohm and an 
Ex. 2. A load consistng ^ f<> /l( . absoUlle i y matched 

inductive reactance of 81 aerating on 30 mcls. Suggest an 

,o a 200 ohm /he design values of the components 

appropriate ntemoa 

"V jt jsia - Wit 


line me r/ 1 so \ 

(/> /=j- tan ' , 7 U) = > ,an '7(200) 


— tan -1 0'95 = ;p x 4J’5° 

it 2 rr 


Bul A= _li£l = 10 meter, so that 


30-10® 
10 


2x180 


7 X 43-5° = 1*21 meter 
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Stub is to be connected at 1 *21 meter from the load. 



so that 


or 


Further 


Z, m =R+JvL~m+j.tl 

1 180—7 87 

Y,n 180+7*87 ~ 40000 


B ln 


j* 7 

40000 


so that length of stub is 

n 1 40000 20 

,an Ps ~R 0 p,„ "200x87 "87 

or ^«an-g=A.an-'0-23 

-2W X,2 ‘4 meter=33'3 cm - 

Thus a short circuited line of length 33*3 cm. is to be con¬ 
nected as stub on the main line at a distance of 1*21 meter from 
the load end. 

Ex. 3. What would be the reflection coefficient if the standing 
wave ratio is 4. What would be SWRfor reflection coefficient of 
zero. 


Standing wave ratio, 5, is 

o 1+1 H 

1-M 

or reflection coefficient is given by 

S+I “4 + 1 "5 06 

For | p (=0, 5=1. That is, Z*=Z 0 / e. line is terminated 
in characteristic impedance which is perfect matching condition. 


30 5-1. INPUT IMPEDANCE OF DISSIPATION LESS 
TRANSMISSION LINE : 


Here we shall discuss the 
impedance offered by the line 
at the input terminals. Load 
end is taken as the reference 
point. 

Case (A) : Input impedance 
of a line terminated with any 
impedance. 

Voltage and current at the Fig- 18 (*)• Transmission line termi- 
input terminals are nated with impedance Zr. 




1135 


Transmission Lines 

E s =E r cosh yl+I*Z o sinh y/ 
and Is=h cosh yl+EnjZ, sinh y/. 

The sending end impedance will be 

F. 7 . 17 » cosh yl+ Zp sinh y/j 
Z.=7J= [Z 0 cosh yl+Z R sinh y/] 
For loss-less line «=C=0 and «=0, so that 
y=K+jP-=jP=J >M- 
Input impedance (Z.) is given by 


...( 1 ) 

...( 2 ) 


Z/ 


Z,\z K cosh~^-+Z, sinh 7 ] 

| Z„ cosh 2 -^-+Z r sinh J 


(i) For quarter wave line 
41. 


In 


case of quarter wave-line 


jjn 

y—4f 


J n 

T/ 


We know that 

Z„ ( Z.r cosh y/+^o sinh y*i 
[Z„ cosh yt+z * s,n * 1 ^ 

z, [|?Hanhy/J 

[ l+ % lanhy/ ] 

Hence Z.' is given by 

•Z*.. 1 


Z« 


Z,': 


[f„ +,anh Tj 

“fifl 

21 J 


Wt.™' 1 " 


•It_ 

[(-■'“■ r)+zj 


•' C0, i)z„ +1 


] 


_zs_ 

"Z„ 1 

Zo’—Z«xZ.'. 

Z 0 = V(Z»|Z,’}. 

This equation shows that if characteristic impedance of the 
line is the geometric mean of two impedances, these two impedances 
will be matched by the quarter wave line. 

From relation 

y.JU 

Z ’ “Z* 

if i, obvious that the line transforms an impedance of large magm- 
tudelnto one of smaller magnitude and vice versa. Thus a lossless 
quarter wave line acts as an impedance changing device /.<■„ what- 
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ever be the terminating impedance, an inverse impedance will 
always appear at the input terminals. Thus quarter wave line is 
an impedance transformer. Refer to solved numerical problem 9. 

Uses of Quarter Wave Line : 

(a) As a matching device : Since a quarter wave line acts as 
impedance transformer, it can be used to match a transmission 
line to an antenna. Refer to numerical example 9. Load impedance 
Z R as well as Z/ is given. We then connect a A/4 line (in between 
Z/ and Z R ) having Z 0 =V(ZrZ/). Z 0 can be calculated by the 
relation Z 0 =276 log s/r for two wire parallel line, s is separation 
between the centres of two wires and r is radius of the wire. 

(b) As a harmonic suppressor : It can be seen that quarter 
wave line also suppresses the harmonics of the wave frequency. If 
the line is short circuited Z*= 0, then input impedance is infinity 
(Z/=co). Therefore, if across a transmission line feeding an 
antenna, a quarter wave line is connected, then since Z,'=oo, 
there will be no effect in transmission at fundamental frequency. 
But the same A/4 line will bcchavc as half wave line at second 
harmonic of the frequency, and because for half wave line Z r '=Z#, 
Zt will become zero. As a result the voltage that correspond to 
second harmonic will be short circuited at the input terminals of 
quarter wave line and will not be delivered to the antenna. In 
other words it will suppress the second harmonic. 


(c) As an insulator to support an 
open wire line or the inner conduc¬ 
tor of a coaxial line : 

Input impedance of a quarter 
wave shorted line is very high, vol¬ 
tage distribution on the transmission 
line will not be alfectcd by connect¬ 
ing such a A/4 lino across the trans¬ 
mission line. Consequently they .'ict as insulators. 

(ii) For half wave line A =21. 

IIz 


w/vsM/ss/ot' we 





I 


*[!>+—$] 

7 '+!:“<'] 


z '-z„ 


z/=z*. 

Thus the input impedance of a half wave line is equal to the 
load impedance. The load voltage equals the input voltage in 
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r»r*iaritv* The behaviour is quite 
magnitude but .s oppos.te m poUt.tjr . 

equivalent to that of 1 . !«"* /W 

/ormer and hence a half wave ,- 

line can be considered as 1 . I < 

transformer. 


Case (B) Input impedance of a 
line when it is short circu.ted . 

We have derived the ex¬ 
pression 

Z 0 [Zg_c osh y /+Z, s »nh yl\ 
yl+7-R s ' nh W 1 



Short 
Circo/fed- 




Pig \9 Short-circuited 

transmission line. 

[Z 0 cosn yt-r'-H * . r- tha t 

When the line is short-circuited. /*=°* so 
r -| _Z„ [ + Z,,sinh y/| 

Z ‘JZ„=0 Z„ coshy/ 
sinh yl 
~~ cosh y/ 

If the line is loss less, then 


M 


2 njl 
2. sinh /- 


‘ JZk=° 


cosh 


i A — /2*r/\ 

-A=' z - ,an W 


(?) 


Moreover the input impedance of a line when it is terminated 
such that /=A/4, will be 


= A/9. win uw 

(tj)" 21 '"”' 2 ' 

L . . ... nuarter wave li 


CO 


Therefore, a lossless sho^t circuited qua 
infinite impedance at the g 


ter wave line puts an 



Fig. 20 (a, Impcil jnce ratio Z,'IZ, 

functi on of ?*• _ 

* E,~Er cos ft ^o sin & 

For /=A/2, 


circuited line as a 
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The input impedance of a short-circuited line acts as a pure 
inductance upto the quarter wavelength of the line. The ratio 
Z//Z 0 as a function pi is plotted in fig. 20 (a). 

Case (C): When the line is open-circuited : 

If the line is open-circuited at its far end Z R = co, the input 
impedance can be obtained from the general expression for Z s . 

If the line is lossless, 

[ z -'k,»- 2 -“"■(¥)—A“'r 


If the line is terminated at /=A/4, 

[ z/ )z»-»—^ “ (t t)-°- 


Hcncc an open-circuited lossless A/4 line presents zero impe¬ 
dance at the generator end. 

The input impedance of an open-circuited line acts as 
pure capacitance upto the quarter wavelength of the line. Ratio 

Z' 

Y as function of 0/ in this case is plotted in fig. 20 (6). 



Fig. 20 (b). Impedance ratio for opcn-circuitcd transmission 
line as a function of?/. 

30 5-2. OPEN AND SHORT-CIRCUITED IMPEDANCES 
WHEN CONSIDERING DISSIPATION : 

Voltage and current equations are 
E^Ae*‘+Be- vl 

IpU-"] 
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and I = I * (Z 2^ e '‘- 1 P 1 e "" 1 
Further we have shown that 

R 
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e w =e ,/ ^ y ‘ 1, 

=(1 + «/) (cos pl+js\n pi) 
p - y /—(1 — a/) (cos pi -7 sin pi ) 

ana 
so that 


...( 1 ) 


it 

+? 2 .M(I + <x/) ( cos p 1 s,n 

+ ^|*Z^(l-*/X c °s P ! ~j sin P /} ] 

(‘-a*"] ' <2> 

Z,=j = z ° [(Z^/.j-Zo) cos pl+j ( z * + a/Z o) sm pi J 

SHORT CIRCUITED LINE 


CIRCUITED liine. 

■Jhcn the line is short circuited, equation (3) w.th Z*-0 w.ll 

bccome , Mcosp/+ jsinPl\ 

(Z,),ton ctf — *+ y cQS pi+jzi sin pi ) 

(a/ cos pl+j sin fW) (COS pl±jal sinjn 
= Z »-(cos 1 fi/+a*/* sin* 00 


...( 4 ) 


—*-0 (cos* p/+a’/ 1 sin* p/) 

f->- ~* fl/ » ,/ sin* 0/-|-)( I-«*/») ji nJ/fOlffl 
=z o (cos 2 pl+* z l 2 sin 2 /*/) 

la/-k/ (1 — a 2 / 2 ) sin pi cos pl)_ 

= Z 0 - i__(|-«*/*) sin* pi 

z a/ yz (1 -a 2 / 2 ) sin ( 2 n//A) cos (27r//A>_ 

-- ,/2 W\ + |-(I -«’/*) sin* pi 

1_(1 -a*/*) sln*(Y/ 

»««u 

Zo (1-0*/*) sin (2W/A) cos ( 2 tt//A) 

*>= f —(1 —«*/*) sin* pi 

which is inductive for / lying between 0 and A/ 4 , capacitive when / 
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lies between A/4 and A/2 and so alternately. Thus it shows the 
same nature as shown by input reactance of a dissipationless short 
circuited line; the difference is that for dissipationless line input 
impedance becomes infinite whereas for dissipation line input 
reaches a maximum but does not become infinite. 

Variation of resistance along the points of short circuited 
quarter wave line with dissipation : We have shown above that 

Z „«/ 


-(!-«»/») sin* (y-*)’ 


so that the resistive impedance seen at the open end of a short 
circuited A/4 line is 

Z*«. A/4 _Z 0 «A/4 4Z 0 

/?S -( I+ ^) sinlff/2 «*»/ l6 «A- 

The impedance at the short circuited end will be zero. There¬ 
fore on any point between short and open ends of A/4 line, resis¬ 
tive impedance will be intermediate to and zero. We shall now 

find an expression to predict the variation of impedance along the 
line. We shall find Z d at the point distant d g s 

from short end. As is obvious, we can take "IT I 
line to be made of two lines : one d distance * 

long but short circuited on one end, the other 
open circuited on both the ends and (A/4 -d) . x 

distance long. The admittance at points XX /4 r 
due to short circuited line is 


, 1 r cc 

' Z 0 U 


cos fil+jal sin pi' 


cos pl+j sin 


with /= d, and admittance at points XX due Fig. 21. (a) 
to open circuited line is 

y — f cos s in P 1 1 
Z 0 [ cos fU-rjxl sin pf J 

with /“(A/4— d). The latter relation we shall calculate in the last 
of this article. 

The total admittance at point XX will be then 
Y d =Y d '+Y/ 

__ i l-h/Wtan a (A/4-</Hytan(^)(A/4-</) 

0 ad+j tan 1 +ja (X/4—d) tan j (A/4— d) 
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y *-t 


(2 nd \ 

1 +j*d tan J 

-,'2-/V 

a</+y tan j 


+ 


/2nd \ 

a (A/4-</)+./cot j 

! i i \ 

l+ya (A/4-J) cot ^—■) 


Further 


2nd 2nd 2 

lan -+c° l - A - sin (W/Aj 


so that above expression reduces to 

, foA/2 sin (4irdj\) ___ 

7 " a ( 2 «/-*/ 4 )+;[tan r■«’«/ (A/4—</) cot( — )] 

Since a will be small; we ignore the terms in the denominator 

that involve it. Then 

I *A/2 sin (4i rdj\) 

Y “~ Z„‘ tan (2n</'A) 

2 sin (4m/,.\) tan (2n,//.\) 

Zj=2 0 a A 


or 


4Z„ 

aA 


lo • • /2»rr/ \ 

r s,n (—) 

^ sin , ( 2 r / ) 



This variation is plotted in 
the figure 21(6). Any load R L 

connected at the open end ol 
the line will parallel the line 
impedance Rs so that resultant 

will be 

I 1 . _L 

Z Rl + Ks 

I = Rl+Rs _(*»• I 4Z U /»A^_ 

° r ^ *** 

CM 

aA (/?£,+ 4^ 0 /xA) 

4Z 0 Rl 

for any point along the line, this resultant would show same 
ivpc of variation as predicted in the figure Therefore the resultant 
resistive impedance seen at the top at any distance d will vary as 

Za=Zsin'0r)- 


jn , / 2nd \ 

«A A) 8,11 \ A j 


_ 4/qRl 
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4Zo 

aA 


1 + 


AZ C 


aA Rl 


sin 2 (2vd/X). 


The lapped A/4 is employed for impedance matching between 
an antenna, or several antennas, and a transmission line. 

OPEN CIRCUITED LINE: 

We divide the numerator and denominator of equation (3) 
by Z R and then put Z R = coto give 

,7 \ -7 ( cos sin p i \ 

Mopen ccud-L* y ^ co$ pl+J sin pi j 

Ul-j (1—a 2 / 2 ) sin (2 tt//Aj cos (2tt//A)1 
0 L 1—(1 — a 2 / 2 ) COS 2 (2ir//A) J 


Zo«/ 


1 —(1 —a 2 / 2 ) cos* (2 tt//A) 

-yz 0 (l T a 2 / 2 ) sin (2 tt//A) cos (2W/A) 
+ 1—(I—a 2 / 2 ) cos* (2ir//A) 

{,Es)open cctrd^j (Xs)open ccied- 


where 


-Z 0 (1 — a 2 / 2 ) sin (2ir//A) cos (2W/A) 

1 —(!—«*/*) cos* (2W/A) 

For values of line lengths between 0 and A/4 this reactance is 
capacitive, for values of / between A/4 and A/2, it is inductive, and 
so on alternately. It would attain a maximum value but never 
approaches infinity and that is main difference with open circuited 
dissipationless line input impedance. 

30-6. CIRCLE DIAGRAM FOR DISSIPATIONLESS LINE : 

Because of the simple relationship existing between reflection 
coefficient at the load and the standing wave pattern, a problem of 
importance in connection with the transmission line is the deter¬ 
mination of reflection coefficient, />, when load impedance Z R is 
given and vice versa. But since input impedance Z, of the line is 
expressed as 

AeK+Be-t** 


Z s 


E> _ 
Is 1 


= Z„ 


= Zr 


4- (Ae*-Be-»') 

z 0 

M *-*) 


(i 


>i* p-iJPs 


) 


(1-| P | e* r®) 
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or 


z. i-M pI - (■»— 2 M ...d) 


Z, 

Zo 


(&!)- «-m 


...( 2 ) 


“ TJX %>-wsswawr ttsst 

.. — *»• 

is complex, it is possible to write 

f-r.+y*,. 

where r. and are the values of resistance or reactance per uni. 

of Z„. Therefore equation (2) is 


r*+jXi 


+(£!)• 


or 

or 

or 


fr , + y«{ 

ir m +i+jx.$i\yi*-M- r -+j *- 1 - (3> 

(r„ + I +/»j(sp) ' t0S U-M+J Si " <♦“ V,)J 

— (fo—1 l+/v„, 

Equating real and imaginary parts, 

«'•+ '’(fei) cos ^- 2ps) ~ x " (§? I) sin 

' /S— I \ 

||rlj (r.+ l) Sin 1 4,-2ps)-\ x..[ s - l Jcos tf-2Ps=x.. 

Squaring and adding we get after clearing of fractions, 

'•‘-'•(-s' 1 )**-* 5 ' -1 * 
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or 


or 


[ - (¥)' 


.-(4) 


which is of the form, 

(*— c) i +y i =r 2 t 

that represents a family of circles of radius r and with centres 
shifted c units from the origin on the positive *-axis. Comparing 
it with equation (4), if we plot r a along x-axis and x a along y -axis 
then shift of centre of circle on the positive r a axis will be 


s*+i_ s+ s 

c ~ 2S 2 




and radius of circle 


5 2 — 1 
25 


s -s- 


r=-=^— = 


..■(6) 


Now wc plot these circles as shown in the diagram 22. 



The minimum value of 5 is unity for which from equations 
(5) and (6). 

c=l, r=0, 

and lies at (l, 0) point. All the circles with greater value of 5 
should therefore surround this circle (1, 0). The maximum value 
of 5 is infinity (open and short circuited lines). We observe that 
as 5 increases, radius of the 5 circle increases with its centre shifted 
more to the right and therefore for the limiting case 5->co, the 
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circle becomes ,v„ axis. It is interesting to no ' e J ha ' 

(say S=2) the intercept near the origin (say the M po 

U 0 M=j), whereas intercept far from the origin (say A' point) 

is at S units on the r a axis ( ON=2 units). 

When | lies on r„ axis, then at a point remote from the 

r a —S, .v„=0°so that 

Z. .. 1+1P I 

Z. '-Ip I . ... 

which is possible only when, as compared to equation (1), 

We find then 

^ , i+l lL 


Zj=Z 0 . 


l-l p 


origin r .=j on r. axis. will assume a minimum value 

h.J. 

Zn I ~l~i P 1 

l—i pi 

_izl£l. 

1+1? I 

We can obtain such a value of|^ from equation (1) which is 
Z. 1+1 p I 

only when phase angle <*-2 ps) is replaced by ». U. 

Z, l+lp|g ,w 
27= I—I P I *'*” 

1-1 P 1 

~ i+IM 

Now for resistive load p=\ p | so that ^**0. 

Therefore, 

-2ps=n 

fis= — n/2. 

Thus in arriving at | L = ^" point, P s has undergone achange 

of_ n/2. To represent such changes, we place a fis scale on the S 

circles. The Ps scale increases clockwise or in the direction of 
increasing negative angles. 
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Rewriting equation (3), 

(S-l) '(A 'BA r*~'+jxa 

(S+il ^-W-TT+x+JT' 


l+Xa 2 + 2jX t 


...( 8 ) 


“ (r a +l)*+x a * 

The angle <f> may be made zero in order that Ps scale may 
start at 0° on the abscissa (r a axis) because it has already been 
pointed out that a point on r a axis, line impedance is resistive for 
which <f> is zero. Then 

(5-1) fa 2 — l+.x a 2 , jlx a 


so that 


giving 


(£-11 r a *-\+x a * jlx a 

(5+1) (ra+I)*-*a 2 + (r a +l) 2 +x fl 2 


(j=il cos (-2ft)= 

(S+l) ( P> (r«+!)»+*«* 

(T+T) S,D { - 2Ps) ~(r.+ lf+x.* 


,an (-w- ct ? 


...(*»> 


tan 2ps 


tan 2 2ps 


~sin 2 2/35' 

from which we infer that lines of equal ps value are circles of 
radius 


sin 2 Ps ' 

with a shift of centre 
downward on x a axis 
(ordinate) equal to 

■srip -c°> 

A family of such 
circles is drawn in fig. 23. 

All ps circles pass 
through the point r n = I, 

Superposition of ps 
circles on 5 circles pro¬ 
vides a scale of Ps angles 
and results in the circle 
diagram of fig. 24. 


...(%) 


N \ 

V ' * 

\ \ / 


,0 \ \ ; 
--0?* N v X 1 ' 

0 5 - • / 

an* ^ ® 


//70* 

s' 

2 M* 3 
£ -> 


Z'#?' V 

/ / 1 \ ^ 

- /0 \^'40'j*>' \u>' 


Fig. 23. 





oaual to the electrical length of the line. Read the coordinate;, 
ihe point !o reached. This will prov.de per unit input impc- 
kc Sf the line, which in our case, as seen irom fig. 25, is 


Transmission Lines 

Application of circle diagram ^ Circle For'eaf- 

“* » lu ' ° r "" impa “°’‘ “ 

Z/t _ r _/v 
—- =r a ~rjxa- 

/o 

For example, let us take 

the line is 2*’ long^valo a*. -he standing wave ratio is found 
t° be 3. * . n< - nl on s-3 circle (point r u = 2 6 

x .,rr i s i" dir “ ,io " ,h '“ 
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For an open circuited line R=co t S circle are the verticle 
lines appearing at the x a axis. The input impedance of the line 
is then a pure reactance with different 0s values provided by the 
intersection of 0s circles with x a axis. 

Basis of Smith circle diagram : 

Smith circle diagram is a modified form of the circle diagram 
discussed above. From equation (8), we write 

L 0-W-I p I L 0-2 ps) 

r a °-\+x„ i +2jx a 
(r.+1 )*+*.* 

We introduce new variables U+jV such that 


.. •./ r. 2 \+x a i +2jx a 
+J (r„ +1 )*+*.» 


giving 


U= 


r a --\+xJ 


(»•«+!)’+.*.* 

2x a 


V= — 


—(H) 

...(12) 


'(r.+ lf+x.- 

Eliminating first x„ from (11) and then r„ from (12), we get 

1 


[HM +P 


Equation (13) represents a family of r a circles with centres on 

U axis at - r,< — and radii of . \ T . The second equation (14), 
(ra+1) ( r «+U 




'35~ 
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represents a family of constant .x* circles with centres at (' +£) 
and radii equal to —• 

-'a 

The two circle families 
are drawn in fig. 26. Since 
diagram is based on the 
assumption | p | Z.W” W 5 ) 

— U+jV, hence the maxi¬ 
mum magnitude of U+jV 
is fixed at unity by the 

maximum value ofp. Thus 
all possible values ol 
impedance are contained 
inside the outer circle of 
unit radius. The same re¬ 
lation between polar and 

rectangular coordinates 

fixes ps angles around 

*"■> KFLECT,0N 

LOSSES ON LOSSLESS LI in to . 

»h«* annlication of transmission lines is 

sjktj&s <- "* ; * io - d , 

For a dissipationless line («=0). the voltage and current 
equations are 

(Z* \ M le'-'+l p I «""“)• 

/= t*. l« w -H P I 

equation (I). 

£..,-%(Z*+^)1'+1pI1- - (3) 

Likewise, voltage minimum occurs at points at which incident 
and reflected waves are out of phase so that 

£ m( .=^-(Z*+«.)['-IH]- -t 4 > 


...( 2 ) 


The same is true for current maxima and minima at a point 
on the line so that 

,ZK+Ra -)ii+\p\\ 


I mas 


-W 


R 0 


..(5) 
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and 1 

From above equations, we find that 

Emax 


...( 6 ) 


r-=*o 


, EmIn i > 

ana —=a 0 , 

'min 


predicting that ratio of extreme values of voltage and current on 
the line refers to a constant for the line given and not to input or 
load impedance. 

Power and Power Capacity : 

From equations (1) and (2), we note that a voltage maximum 
and a current minimum occur at the same point on he lossless 
line We also know the fact that at a point of maximum voltage 
on a lossless line, the total voltage and current are in phase and 
hence the power transmitted is 

P = | E m aX‘ I I linin' |* 

BUI 1 I min* H/ f H 7 ' I 


I 


E- 


Bo 

E I- 


Ro 


£' 


I £„,/.. I 

Ro 

Therefore power transmitted on the line is 

D j E„,qx. 1 • | E m in- I 

P ~ Ro 

Putting the values of | | and | ! interms of current 

and R 0 from equations (S) and (6) respectively, we find that 

P ^{| lmax. | • i lmin • \)-Ro- 

These expressions lor power permit easy measurements of 
power flow on a line of negligible loss. 

As an application of power equation, we consider two 

examples: . 

(/) Consider a line terminated in an open circuit, a short 
circuit, or a reactance so that the standing wave latio is infinite. 
Since for such cases refleciion coefficient ; p \ is one, power con¬ 
sumed by the load is zero. If the line is lossless, power delivered 
by the source and the transmitted power at each point of the line 
will be zero as evaluated below. 

Power delivered by the sourcc^l E\\I \ cos 0 

= 0 , 

since phase between E and I is 90 . 

Further | H E |-| E~ | = 0, power transmitted P is 
also zero. 
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(//) Consider a line terminated in characteristic resistance. 
For such a line | p |=0 and voltage and current at each point of 
the line are in phase and have the magnitudes I E | and ; / |. 
Therefore power transmitted 


/>= 


since 

and 

so that 


| E nta x- 

| Emin. 
| Eniin- 

Ro 


1 E,nax- 1 1 Emin ■ | 
*0 

= \E+\\l |. 

=| £*■ | + | E~ |=| E* 
=| £ + |-| E- 1=| £ + 


(as E~ = oE =0) 


The maximum power that can be transmitted over a line with- 

bv 

n 

Reflection losses on the unmatched line : 

On i line not terminated in characteristic impedance Z 0 , 
cause losses on ’ hc c | lara ctcristic impedance, more 

r'£ P S "^e S S- 

ir.fi’ssJS b, .h. n n «.. .h. io,d. 

If we consider line at the radio frequences u>L > R and 
r G we can take R = G=0 approximately and hence a-0. 
For such' a line characteristic impedance is purely resistive and we 
can denote it by R 0 - . . 

At a point of maximum voltage, rcllcctcd and incident voltages 

arc in phase, so that 

I e„„. |=| r l+l e- | 

J K |Z|±^.) (1+1H)> 

and at a point of minimum voltage, reflected and incident voltages 
arc in opposite phase so that 

\E ml „.\=\E+\-\E-\ 

Ir(Zr+Z o) 


(1-1H). 


Hence the standing wave ratio is 


-//!«*■ 


I E- l+l E- | 
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transmitted along the line 


We know that the total power 
and delivered to the toad is 

E ma x- | | Emin- 


p=- 

(I E* 1 +1 E- Ml E 1 - 1-| £-.1) 

I E* M E- |« 

Ro 

The ratio of the power P delivered to the load to the power 
transmitted by the incident wave is 

I \ E ‘JL 

E ~1 


p P+-P- 


E+ | 2 
Ro 


\E ♦ 

= 1-1 pV 



4 S 


(5+I) 5 


V” 1 ' 

When the line is terminated in characteristic resistance, 
reflection is absent, i.e. t p =0 and hence S= j-__| therefore 

from above expression, we find that 


P _ 4.1 

P~ (1 + D 2 

or P=P\ 

i.e., whole of the power delivered by the source is absorbed by the 
load-called an efficient terminating condition. 

30 8. TRANSMISSION LINES AS RESONANT CIRCUITS : 


Tranmission line can behave as series or parallel resonant 
circuit depending upon its way of operation. At high frequencies 
resonant lines are best substitute for resonant circuits because ot 
superior performance. 

At high frequencies, wavelength being sufficiently small, usual 
inductance coils and condensers cease to become useful circuit 
elements. With the rise in frequency, the distributed capacitance 
existing between the turns of a coil offers a low impedance. 
Consequently, the coil acts more as a complex transmission line 
rather than as lumped element with constant inductance. Fur¬ 
ther, at high frequencies losses are increased to an appreciable 
proportion due to skin effect, proximity effects and radiation of 
energy. Condensers also meet the same fate because of distributed 
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inductance that arises duo to the linkage of magnetic flux with the 
flow of current. Let us illustrate the point by taking an example. 
Suppose we could construct a coil of I/* H, then capacitor required 
for resonance at 500 Mc/s will have a value 

r ;= _L_= s -i- (since X L =Xi at resonance). 


But 
so that 


2 vfX c 2rr/ X l 

X l =2v/L = 6-2S, 5. 10 s x I x 10-‘= 3140.0 


C^ 


10 

(314) 


, 10 


i-I2 


2x3*l4x5x I0*x3l40 
=01 pF. 

But such a capacitance value is impossible. Its own stray 
capacitance would be more. In addition L’C ratio will be poor, 
the gain low and selectivity bad. .... . ^ 

Due to the troublesome behaviour of the 
of lumped elements, it is advisible to use dtst-.buted P ar " r 
in a simple geometry, e.g.. two wire line. The >? bC °f. suc " 1 f 0r ‘ 
line sections limits the losses to a minimum. Short line sections 
with reflecting termination, e.g., short and open circuited lines, 
effectively serve as inductive and capacitive ^wnces and as 
resonant circuits at wavelengths below a few me ers The short 
circuit termination is most frequently used because'Ms easier to 
produce complete reflection in this way at smaller vaveleng hs^ 
n open circuited lines losses of energy occurs due to radiation 

[romopen ends unless the spacing between conductors is quite 
small compared with a quarter wavelength. 

Lines as Parallel Resonant Circuits : 

In parallel resonant circuit, impedance is maximum at reso¬ 
nant frequency and varies with frequency in the vicinity of resona¬ 
nce. Same behaviour is shown by a inc short circuited at tin 
receiver and the length being an odd multipleo) a quarter ware length 
or open circuited at thc receiver but even multiple of » fl ' el <- ’ 

ngtl, long Such a line offers a high impedance at the sending end 
and therefore we say that at frequencies corresponding o ps-nirl2. 
where n is odd number in thc case of short-circuited line or even 
number in open-circuited line, as shown in fig. 27 (o) and (ft), line 
impedance is very high and these are termed as resonant frequen- 
cies. This behaviour is similar to parallel resonant circuit. For 

both types of load conditions, thc sending end impedance Z. v ot 

the line at resonance is 

5 Rnc 

where Z„=characlcristic impedance of line, 

/„ = resonant frequency in cycles, 

fi = linc resistance per unit length. 

rt = numbcr of quarter wavelengths in line, 
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c= velocity of waves on the line taken to be equal to the 
velocity of light (unit of length as that of R ). 

II 


Z -00 


t 



SEN&NS 
EHD IF 



£/VO IF 




cm IF 

5 ~A/4 . 

«») 7* 

Fie 27 Plot of impedance of open and short circuited line: 

J for short-circuited line. «-) for open circuited line. 

The above expression can be derived as follows . 

We know that input impedance of line can be expressed as 
Zn rZn cosh ys+Zp sinh y^1 
Zs ~Z 0 cosh ys+Z R sinh ys 
For short circuited line, Z R is zero and therefore 


Zs=Z< 


Zn sinh 


ys _ 7 sinh ja+jP) s 
~ys~ 0 cosh (a +jp) s 


Z c COSh /» - • a 

. sinh 05 cos cosh a^sin_P£__ 

=Z °'cosh 05 cos ps+j Sinn a5 sin 05 

For line lengths that are an odd multiple of a quarterwave 
length i.e., s=n\/4 or ps=nnl2, where n is an odd integer, we find 

sin ps=± 1, 
cos 05=0. 

cosh 05 

so that Zs— 


sinh 05 

For low loss lines o5 is very small and 
and sinh 05 = 05 . Thus 

Zs&Z 0 . —~ 


we take cosh o5«*l 

...(A) 


When wL > R and u,C> G ,« is exeressed as 

For lines having air as dielectric, losses due to the conductance 
G are negligible so that G can be neglected and 


d nr \ R 
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Putting this value of a in equation (A), we get 
Z 0 __2Zp 2 
Zs «s Rs ‘ 

Therefore input impedance of a short circuited line, whose 
length is an odd multiple of a quarter wavelength, i.e.. s=n\l 4, is 

7 2Z °* 

Zs rt./iA/4 ' 

Further substituting A=/-, where velocity of propagation of 

yo 

waves on the line is c. equal to the velocity of light, we get 
7 SZn 2 /, 

Zs= ~r^T' 

The curve of resonant line impedance plotted against fre¬ 
quency in the vicinity of resonance resembles with resonance curve 
of parallel resonant circuit and the sharpness is measured by an 
equivalent Q value given by 


2nZ 0 fo 


..( 2 ) 


Expression for Q can be derived as follows : 

We have shown above that for short circuited line of length 

*p where n is an odd integer, input impedance is 

When the frequency is shifted off resonance by a small amount 
hf i.e . when/=/„ + $/, then 

- n fnS _|_ 2*r . hf- S 

c c 

Since f n is resonant frequency for which ps=mrl2. we write 

o c - 2nS 4- 2rr h f' 5 

P A 0 • c 


(M/rs + 


Iv-hf’S 


lin 2v hf s 
'2 c 
Under these conditions, 

cos /3s= —sin I—-—1 

. . /2n.8f-s\ 

sin /?s=cos I—1. 
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Therefore input impedance is 


Z S =Z { 


—sinh at sin j^)+J cosh^cosp^) 


-cosh « sin p^-)+/ sinh « cos 

For loss less lines, a is very small and hence sinh as « as, 
Hir.hf-S \ , , • (2irhf s\_l 2irhf s \ 

cosh oes bs 1 ; cos ^—-—J « 1 and sin ^ J \ c J 

2vhf.S 


— as. 


+/. 1.1 


Thus Zs=Z { 


0 _1 


l +j-*s. 


2nhf.S 


■Z . 


.2nhf.S 


as+j 

For moderately high 0 circuits, the second term in thenume- 
rator is the product of two small quantities and may be negieciea 
in comparison with other terms, so that 


Zs= 


Z 0 


as+j. 


Ivbfs 


We know that for the parallel resonant 
circuit, when absolute magnitude of the 
impedance is 70 7 percent of the impedance 
at resonance Z 0 /«5, voltage across the 
parallel circuit is reduced to 70 7 percent 
of its value at resonance. This requires a 
frequency shift of d//2 on either side of 
resonant frequency /«,, where J/is termed as 
bandwidth. Now, likewise, we observe 

from expression for Zs that it will be ^73 
or 70*7 percent of its value for a resonant lengthf provided 

2 nSfs 
cis= - 



t or resonant length 


z,^ 

05 


Z °— =70 7% of its value at resonant length 


W2.as 


so that 
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but the frequency shift required to make this true will be J//2 and 
hence 

2t rAfs 


ac 2xc 

or Af=—=- - 

IT 27T 

The selectivity or ability of any resonant circuit to pass freelv 
some frequencies while stopping all other is conveniently stated 
in terms of the ratio d/// 0 . where /„ is the resonant frequency and 
J/=/ 2 -/, the difference between half power frequencies. There¬ 
fore, Q, ol the resonant line section is 

*“J/” 2a c 

Putting, for lossless lines, a~. —, we g el 

ol current at reso- 


Anothcr important resemblance is that ol current at reso¬ 
nance. In parallel resonant circuit current is minimum at resonant 
frequency and the same is true with a line short-circuited and n.\ 4 
long (// is odd number) or open circuited «A/4 long (// is even 
number). From fig. 28 (a) and tig. 28 ( b ) respectively we see that 
in short circuited line, current is minimum at resonant frequencies 

where /i=l,3,5,7.. and in 

circuited line, current is minimum at resonant fitquencics ps=mr. 2, 
where n = 2, 4. 6. etc. 



Pig. 2K. Plot of current for open anil short-circuited lines. 


Lines as Series Resonant Circuits : 

In series resonant circuits, impedance is minimum at the 
resonant frequency and current is maximum. The same behaviour 
is shown by a line open-circuited at the receiver (toad end) and odd 
multiple of quarter wavelength long. 

~~~ P 

^ 2a 2 a 2a 2a 
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From figure 29 (a) it is obvious that impcdBoce is minimum 
at frequencies corresponding to 0s=mr/2 (or s— wA/4) where is 


Z-*0 

i 


Z-0 




LOAD SEND/MO SEND/NO 
ENO END IF S°A/4 END* 


Cet) 


l£l HI 


#< * L yo o 

l OJ 


Fig. 29. 


odd number. These arc termed as resonant frequencies of resonant 

I,nC ‘Further from figure 29 ( b) t it is obvious that current is maxi¬ 
mum at resonant frequencies ps=nrr/2 (n- 1, 3, 5, ...). 

Another important characteristic of such a line is; that it acts 
as a voltage step-up device. Suppose line is V4 Joni| f then sending 
end will be at A. It is obvious from figure 29 (b) that though vo - 
tage at A (generator) is zero yet at load end (receiver) voltage 
of sufficient magnitude equal to OX. Thus a small voltage inject 
at the input will develop a sufficient voltage at the output i.e. an 
action like that of step-up device. 

The further step up action can be_ 

explained as follows: We have assu- j 
med that line is open circuited at load 

end and A/4 long, i.e. equal to OA. ^ - -7 

Since at A voltage is zero which on the ^^6 L0 + 

other hand would mean that the line is end 

short circuited at A. We can represent o*fi$=n/ 2 

the line as shown in lig- 30 ( a ). The C*> e/ME 

phase relation of voltage on such a line Fig. 30. (<?) 

is shown in fig. 30 (b). 

Suppose a small voltage is injected at shorted end A. We also 
know that an incident wave is reflected from an open end with 
same magnitude and polarity. Thus at 05=90°, we induce some 
voltage : it will travel to the end 0 (05= 180°), and is reflected back 
without phase change to end A (05 = 270°). Total distance travel¬ 
led is thus 1A. Now from end A (05 = 270°), it wiil be reflected 
back to O (05=360°) with a change of phase (since these points G 
and H are 180' out of phase). From open end O (05=360°) it will 


to.) UNE 

Fig. 30. {a) 


LOAD 

£M> 


III AND \Et 
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1 K P/**S£*£tE*&LON 
p£*C£C r/OAr PPOMSA/O 


540 


#£Pl£C7£D 
PfiOMEHQ O 


\ H phase pav£#sai OHfseo 

P£PL£Cr/VW PPOAf i 
£A/D A 





Fig. 30 (*»)• Voltage phase relations on the line. 

be reflected to end A </fc=450°) in the same phase. Since the wave 
has travelled a total distance A. the phase of this reflected wave at 
a7 flc = 45(n will be same as that of induced voltage (phase points 
2 inH F are at 450° and I80 J and hence in same phase) and hence 
this reflected voltage is directly added to the incident voltage This 
results in stepping up the voltage. This step up voltage after so 
many further reflections will again be step up These add,Hons 
Tomfnue to increase the voltage in the line until l-R loss is equal 
to the power being put into the line. Voltage step up depends 
upon the Q value. The voltage step up ratio in the case o! reso¬ 
nant line is Q x -i- This expression can be derived as follows : 


For quarter wave lossless line, we write 
E s Er cosh JP S + 1 " h jP s 

Er Er 

Er cosh rr/2 - F77/?Z 0 sin n 2 
= Er 

jhZ o jZo 

. — Er Zr 

h for such a line, we know that the characteristic impedance Z u 
i s U thc geometric mean of Z R and Zs, i.e. 

Z 0 =y/(ZRZ S )- 


Thus 

E* . IIZs 
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Therefore, voltage step up by the line is 

is\- 111* 

E 5 '-J\Zs 

But for lossless quarter wave open circuited line Zr is infinity 
and then above relation shows an infinite voltage step up. Such a 
conclusion is not surprising because, with <x=0, there is nothing 
to curb the step up. Therefore, a correct relation for voltage step 
up should include a-the attenuation factor. For correct relation 
in such a case, we write the equation for voltage Es as 
E s =E r cosh (a+jfij+Wo sinh (a+jp)s 
=Er cosh (*s+jnl2)+I R Z 0 sinh (cls+>/2) 

=jE R sinh as +jI R Z 0 cosh as. 

In open circuit load current l R is zero, so that 
E^jEr sinh as. 

Therefore, voltage step up 


Er 

Es 


(as for low loss line a is very small 

sinh as as 

and is R/2Z 0 ) 



For resonant quarter wave section, 

fis=nnl2 , when n is odd integer. 

_n\_nc 

Putting this value in above equation for voltage set up, we 
find 

En\ flZ u f o 
E s \ Rnc 

2nZoJo_ 4 
Rc mi 

= Q x —• — ( 4 ) 

Tin 

Example : What length of transmission line should be used and how 
should it be terminated for use as (a) tank circuit (b) series circuit at 500 


mc/s. 

(«) We have seen that for line to act as parallel circuit, we use a line 
short circuited at the load end of length /ia/ 4, where n is an odd integer; or 
an open circuited line with even multiple of quarter wave long (i.e. n is even) 
At 500 mc/s, 

A= -5oo3rro^ =60cm - 


Therefore for short-circuited liue, length will be 


l.A/4=^= 15 cm. 
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3x60 


or 


3.A/4 = -j 


=45 cm. 


And for open circuited line, length mil be 

r_*£9=30 cm. 


or 


where n is odd. 


CO cm } for * horl circuilcd ,inc 
45 cm } for open circui,cd ,inC ‘ 


2.A/4— 4 

4 x 4 =l2i?=60 cm. 

,,n,,h,qua "° 

and for open circuited Hoc to 
length equal to 

jix/4 

Therefore, length will be 
or 

and hj v»n. j 

30-, FIELD AND CIRCUIT CONCEPT CORRELATION I 
IE ..1 H about tbo parallel pi™ e»«iuclor» 

iSSS ant. ... the v.l..,.. For 
!,mb sip'po , I l c"lber”s < a uwri*. U« - »“ >* ”*™* *" 

guided along z direction. 

As shown in fig. 31 {a), line 

consists of two conducting plates 
with a separation . in X direction 
and I) in Y direction. Line in 
Z direction is of infinite extent. 

There exists a current / in each 
plate flowing in Z direction. Lin¬ 
ear surface density of such a curr¬ 
ent in Z direction will be 


/ 




H 


, U ...d) Fi8 - 3, (fl) 

J>2 b . 

The maanelic field H will then surround the each plate 
„ • "loops If the conductor has zero resistance, current 

l0 Tnott the surlace of the conductor and the magnetic field 
w '!! I ‘° nenetrate the conductor. Similarly, as there exists a poten- 
Ha difference between the two plates (since an alternating poten- 
t a is applied at the input terminals; if the voltage at any point 
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in upper plate is +2 volts, the voltage at the corresponding point 
in the lower plate will —2 volts), an electric field will also exist 
purely along .Y-axis. If the conductor offers zero resistance, the 
electric field E will not develop any voltage difference between any 
two points on the same conductor because (E R dz) is zero, i.e. 
voltage will be shunted. Therefore, we conclude that if the conduc¬ 
tor is perfect, E and H will not penetrate the conductor and the 
losses due to conductor will be almost negligible. 

Let us consider a TEM wave traveling along the line stretched 
in Z direction so that 

E=x£, and H=y H„ 

where x and y denote unit vectors along X and / directions. 

Now we shall establish relation between fields, and voltage 
and current. Consider the side view of the line, i.e., XZ plane 
[fig. 31 (b)). 

Applying e.m.f. equation to the closed path ABCDA. 

Edl=-jwj' B-dA 

or V A b + Vbc+Vcd+Vda=— juB y dA, 

because field exists only along X 

y direction therefore only 
By—pHy component of the 
magnetic flux density will exist. 

P-P,P V , where p r is the per¬ 
meability of material, p v that of 
space between the plates but 
because we take that the fields 
do not penetrate the materials, 
p would mean the permeabi¬ 
lity of space in between the 

plates. * — € 

Further, dA—AB.BC Fig. 31 (b) 

=a dz. 

AlSO VAD=yBC = 0y _ 

•Maxwell’s equation is 

Applyiog Stoke's theorem, we get its integral form. This is 

f Jsr-*- 

But when the mageoetic field is sinusoidal, 

B=B 0 e* 
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since they are perpendicular to the direction of E. We take V AB 
as negative and Vcd (work done in the direction ol E ) as positive. 

Therefore, Vcd — V AB = —jw B y a dz 

or dV= -jw By a dz, 

By a. •••(2) 

Further, linear surface density in any of the plates will be 
J,-xxH 

=xxy H y (since H=y H, : H : and //, are zero) 


or 

so that 


=iH y 

J,.= //, =-^ (from eq. 1) 
ul 

By=pHy=£~ 


Putting in equation (2), we get 


dV . la 



While dealing with the analysis of transmission line in voltage 
and current (art. 30*1), we have shown that 

dV=-(R+ju>L) dz.l , 

minus sign has been imposed to indicate that dV represents fall in 
voltage on the line as the wave travels a distance dz. 

If R= 0, then 

dV=—ja)L dz.l. ...(4) 


Comparing equations (3) 
and (4), we find that induc¬ 
tance per unit length of the 
line is 




...(5) 


Now we proceed to write 
m.m.f. equation. For this wc 
shall consider the top view 
YZ plane of fig. 31 {a) shown 
in fig. 31 (c), Applying mmf. 
equation to the loop rO/iA, 



Fig. 31 (c) 
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we write *(J) H-^I=J" ( jujeE+J)-dA . 

e refers to the permeability of the space in between the plates, 
or (HFQ-\-HGH’\-HHK’\-HKF)‘d\=ju)*E x .b dz, 

because E=xE x ( E, and E z are zero for TEM wave) 
dA=b dz 

and J.dX=0 as J is in YZ plane whereas dA points normal 

to this plane. 

Further Ucff.dl=U KF .dl^O as path FK and GH are at 

right angles to field direction 
H r 

and H f c dl+UHK-d\=(H F c—H hk) b 

= -bdH y , 

the negative sign is imposed because FG direction points in nega¬ 
tive y direction. 

Therefore mmf equation becomes 

—b dHy=ju)cE. x b dz 


so that 


bHy = bJ S ;=I , 

^r = —juitExb. 


...( 6 ) 


Again we refer to the current equation established while deal¬ 
ing with wave propagation on the line (art. 30’1) which is, 

dI=-(G+jo>C)dz.V, 

minus sign indicates the fall in current as the wave travels a dis¬ 
tance dz on the line. 

With G=0,for the perfect dielectric 

dl . d\ 


J= -juCV. 


- (7) 


•Maxwell’s equation is 


VxH-g+J. 

Applying Stokc’s theorem, equation is converted into integral form, 
that is, 




For sinusoidal electrostatic field 

D=D 0 e ,ml 
bD . n 

si = JwD 

=juJ€H 


so that 


Transmission Lines 


1165 


Comparing (6) and (7). we find that the capacitance per unit 
length of the line is 


But 
so that 


E x b 


— V 
V=E X a % 

c -4 



Phase and Group velocities of the wave on the line : 

The phase velocity of the wave on the dissipationless line 
(K=(7=0) is: 

1 


ID 


Ut 

W(icj 

i 


y/(LC) 

1 


'M- 9 




= C* 


...(9) 


Relation (9) shows that velocity of propagation of the wave 

on the line is independent of the geometry of the line (whether 
parallel wire, coaxial, etc.). 

The group velocity, v t , is given by 

dm 

Vt ~dp 

Since $=m^{LC) 

dp=dut y/(LC) 
dm _I_!_ =c 

or Tr v(Lo - n /(mc) 

Thus vg—c 

we note that in case of dissipation less line (R=G=0), phase and 
group velocities are equal and 

Vg — C*. 


Characteristic impedance : 

If the line has unit width and unit separation, so that a=b= 1, 

then 

L=\i, and C=< 


which implies that«is the capacitance between conductors of 1 
meter length of the parallel plate line, which is meter 1 wide and 

•Id case of perfect conductor, as stated previously, p and > refer to the 
space between tbe conductors, tf there is free space then 

u=—-- — 3' 10 s mcters/sec., 

VM 

equal to the velocity of light. 
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has a separation of 1 meter. Similarly, \l is the inductance per 
meter length of the same line. 



For the line having unit separation and unit width of each of 
the plates, the characteristic impedance is just the intrinsic impe¬ 
dance of the dielectric medium between the plates. 

Maximum velocity : When R and G are negligible, the phase 
and group velocities are given by 

v ’ =Vt= V(LC) ' ' ' (l0) 

where L is in henrys per unit length and C is in farads per unit 
length. 

The inductance in millihenry per mile of line, when separa¬ 
tion between its conductors is large compared with the radius of 
the wire, is 


£=1-481 log-i+£', ...(11) 

where r is the radius of wires and s is the separation between 
them. L is the inductance due to the linkage of flux and current 
within the conductor. At high frequencies when the current flows 
mainly in the surface of wires, this factor approaches zero. 

Further, the capacitance between two wires for s > r, i.e. t 
separation being much greater than the radius of wires, in micro¬ 
farads per mile of line is 


CU®2»« ...(12) 

log (s/r) 

Therefore, putting values of L and C in henry/mile and 
farads/mile, we get from eqs. ( 11 ) and (12), that 

£C=(1-481 x 10-») (0-01941 x IO-«)+ °'° 1 ^y'^ -' ...(13) 

When the separation between the wires or frequency is 
increased, the second term becomes negligible as compared to 

*To prove chat in a lossless line the 
voltage at any point is in magnitude equal - 
to the product of surge impedance and 
current at a point quarter of wavelength 
away. The voltage and current relations as 
referred to load end are 


E—Er cosh y/+/*Z 0 sinh y/, 
7=/r cosh yl+ER/Z 0 sinh y/, 
where y=jpl. 




l 


“T' 


& 


LOAD 

x=o 


(Continued on noxt page) 
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first. The first term is a constant and represents the minimum 
possible value which LC can assume. Putting first term in eq. (10), 
we get maximum value of phase and group velocity, that is 

(V = = V(M8lxO 01941 xIO’F 

= 186,300 miles/sec. 

Thus maximum velocity of waves on such a transmission line 
is equal to the velocity of light. However, resistance R, conduc¬ 
tance G and term L' reduce this value, but to a very small extent. 

NUMERICALS 

1. A pair of high frequency parallel wire transmission lines has 
distributed capacitance and inductance af '04^F and 9 8 mH. per 
mile respectively. What is the surge impedance of the line ? 

990 
~ 2 

= 495 ohms. 

2. The primary constants of an open wire transmission line at 
12 kc/s. are R=ll ohms I mile, L=4 5 mh./mile, (7=0’<5 micro mho 
per mile and C=0 00825 microfaradimile. Calculate the charac¬ 
teristic constants of the line. 

w £=2»rxr2.10 3 x4-5.10- 3 
=33 9, 

coC—2wx l*2.10 3 x8*25.10' 9 

_ =62-25.10-*. _ 

Now vollage at DB( x=l) can be written in the form 
E,=E r cos pI+jI R Z 0 sin pi 
or | E, | **=£* cos pl+jUZ 0 sin pi, 

where •> represents the phase of E t . 

Further | Ei | cos •!>=E R cos pi, 

| E, | sin 0 = /*Z o sin pi. 

/. I Ei | =V(E R * cos 3 pl+I R 'Z* sin 3 pi). ...(1) 

Now current at A A (x=/+JA), 

Iuah=Ir cos p (l+ik)+jE R /Z 0 sin p (l+\ A) 

=/* cos +0/) +j |5 Sin ^ +/J/j 

= -I R sin pl+jE R !Z 0 cos pi. 

so i 

=| Ei |/Z 0 from (1). 

Hence | £/ |=Z 0 . | //+„«1. 



1168 


Hand Book of Electronics 


Now *Z=R+ja>L= 11 +y.33*9=35*6 Z(72*l) 
and Y=G+ju>C= 10"* (0*6+7 62*25) 

=62*25.10- 8 Z(90—*55) 

=62*25.10- 6 Z(89*45). 

Therefore, 

characteristic impedance Z 0 = 

=755 Z(-8*7) ohms. 

propagation constant y=y/(ZY) 

= V(35*6x62*25)x I O' 3 Z (80*8) 

=40*2XlO- 3 Z (80*8) 

=0*00755+j 0 0466. 

Since y=&+jP . 

«=0*00755 neper/mile, 

0=0*0466 rad/mile. 

Also A=^=13S miles, e=/A= 1,60,000 miles/sec. 

P 

3. The primary constants of a cable are R=80 ohms per mile , 
L=2mhlmile , G=0'3xl0~* mho/mile C=0 07 microfarad/mile. 
Calculate the characteristic constants of the line at 500 c/s. 

Z=R+ juiL =80 +y 6*28 
=80-3 ^(4-5). 

Y=G+jmC= I0-* (0-3 +7.220) 

=22010-*. Z (90). 

Characteristic impedance Z„= 

= 605 /42*8 




•Since Z will have amplitude and phase both, we can represent it as 
7=A /_0=Ae , ‘=A cos 0+j A sin 0=R+juL- 
.*. A cos 0=R 
A sin 0=o >L 


Hence amplitude of Z, i.e. /4 = y'(/? 2 +orL 2 ) and phase 0=tan _1 coL/R. 
=10*) e~* * ! -*=605 /-42-8 
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Propagation constant y=\'(ZY) 

=(80-3 x 220 x 10- 6 ) l/2 /47-3 

= 133.10- 3 /47*3 
=0*0903+j.0*0977 

**«+.//*• 


Hence 


a=0*0903 neper/mile, 
0=0*0977 rad/mile 


In 


2x314 


X ~p 0*0977 
y=/ A= 500x64*4 
= 32,2000 mile/sec. 


= 64 4 miles 


4. At 1200 cycles the characteristic impedance ami propagation 
constants of an open wire transmission line are 


Z o =650—y. 150, 
y =0*005+y 0*007. 

Calculate the distributed parameters of the line. 

_ l z Y /s 

The characteristic impedance 4>=^p -J 
and propagation constant y=y/(ZY). 

The rcfore Z 0 .y =Z=R +jwL 


and y=G+jwC 

Now R-\-jwL=Z 0 .y 

=(650-y.l50)(0*005+;0007) 
= 666 /—13 x8*5x IQ -3 /45 
=0*666x8*5 /32 
= 4*8+y3*0. 

Equating real and imaginary parts, 

R=4*8 ohms/mile. 

oil=3*0. 


and 


„ . „ y 8*6.10- 3 /45 
Further, G+j«>C=^- 

=(6*75H-+y.l0*8) I0- 8 . 

Hence (7=6*75 micro mhos/mile 

c= ^^l^o =0 00143 microfarad / mi,e 
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5. The short-circuited and open circuited impedances of a 
transmission line of length 100 miles are ( Z s )»hort=100 /30 and 
(Ze) O pen=500 /-40 . Find the characteristic constant of the line. 

We have seen in theory that 


(Z,) 7 =Z 0 tanh yl—(Z s ) shor i 

Z/uo 


and 


(Z s ) 


or 

or 

or 


Z*.< 

(z,u 


=Z 0 coth yl={Z $ \pen. 
tanh 2 yl. 


(Z s ) optn 

e** 1 —| 

Further, tanh y/= g2/1+ j / 

. . ? y/_ 1+tanh yl 

1—tanh y/ 

Now from problem, 

= 1*18/35 

=0*968+/0’678 

f w# 1+0968+7 0*678 
Therefore, _ Q . 968 _ /06 7 8 

1 968+7.0-678 
0032-7.0*678 

=3*07 /!5ii 
This is e 2a/ ./2p/=3-07 /1064 
e 2l/ =307 

2a/=log f 3 07=2-3026 x-4871 = 1-20 
a = 2 -^jQ=0 0056 neper/mile : 

Also 2/3/=106-4deg.= 106'4x^rad. 

Characteristic impedance 

Zo= VU^iAor/fZ^lo^,,} 

=V(600 /30x500 /-40) 

=592 /—5 . 

6. Consider a two wire line with following constants : 
/= 100 miles. 

/=1000 c/s.. 
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Z„=(685— j 92) ohms 
y=(0000497+/0*0352) per mile , 

Z*=(200+7'0) ohms, 

E g = 10 vo/fj (genera 1 or voltage at the sending end). 
Z,=(700+y 0) o/in« ( generator impedance). 

Find sending end impedance Z s . sending end current I s and the 
receiving end voltage Er, using hyperbolic form of the line equations. 
Sending end impedance is expressed as 
Zo [Zr cosh y/+ Zp sinh yl) 

1 Z 0 cosh y/+Z R sinh yl 

= ZojZ,+Z,Unh- W ] ...(I) 

Z„+Z„ tanh yl 

We note that 

. . cosh y/ 

coth y/=-.-r—-. 

sinh y/ 

_COsh g/ cos p i 4 -j sinh a/ sin /?/ 
sinh a/ cos /?/+/ cosh a/ sin ~ff 
cos h 0 497 cos 3 52 +7 s inh 0 497 sin 3*52 
sinh 0 497 cos 3 52+7 cosh 0 497 sin 3 52 
-1-126 x 0 927-7 0*518 x 0*375 
“-0 518x0 927-/1*126x0*375 
_ —1 042—/0I9 4 
-0-480-/0 422 
0480+/0-422 
or ,anh y/= 1042+7.01^ 

=0-523 +7.0*311. 

Therefore from (I), 

7 -r*RS_/9?) T 2000+(685-/92) (0*532 +70*311) 1 
,=H J ] L(685-/92) + (2000)(0-532+/0-31l) J 
=(859—j.325) ohms 
Sending end current will be 

* l ' He^+zJ - <2) 

=1_iL_ I 

i(700 | 859-; 325) | 

=6 26x 10 3 amp. 

Receiving end voltage is 

I E h |=| /* | | Zr . ..(3) 

for which we have to calculate first | I R | given by 
I h |_| h cosh y/+£ji/Z u sinh yl | 

I >« I I 


—( 2 ) 


...(3) 
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i/*i> 


. y 

= cosh y/+=^ sinh yl 
I ^-o 

IA1 

y 

cosh y/4~ sinh y/ 


6- 26 xlO - 8 
2000 


|(_ 1*042—y.O* 194)+ (-683^92 )(-°* 48 °-> °' 422 )| 

6*26 x 10" 3 
2*76 

=2-27 x 10- 3 amp. 

From equation (3), we get 

| E r 1=2*27 x 10"*x 2000=4-54 volts. 

7. A parallel wire line has 
Z o =70 

Zk-(1 15-/80) ohms. 

5=2-7 

If the line is to transmit a power of 50 watts, find the magnitude 
of maximum and minimum voltage and current , also the magnitude 
of the receiving end voltage. 

The maximum and minimum impedances are purely resistive 
and therefore, we can write for the maximum point that 


'ino*' 


SZ max . SZo 


or 

from which 
Further, 


50: 


-max- 


2 7x70 


E m ax. | = 97 3 VOltS. 
Emax • I 


Emin* “~ 


5 

97-3 


2-7 

=36 0 volts. 

The minimum current is 

I Emin • 


| Im,n. 


2 0 

360 


“ 70 

=0 514 amp. 
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The maximum current is 

I I I— I £"••**• 1 

| 1 max- | — 2 0 

_97-3 

= 70 

= 1*39 amp. 

The receiving end current can be found from the relation 
where R r is the resistive part of Z R . 

i '■ i ~M) 

= 0*660 amp. 

The receiving end voltage will be 

| E„ |=l /* I I Z* I 

^0-660xv/((U5) s -| (80) J ) 

= 92 5 volts. 

8 Calculate the air insulated line composed of two parallel 
copper tubes 015 inches radius and spaced I inch between centres. 
The line is short circuited a, the one end and is driven with 200 me Is. 
generator a, the other. Neglecting leakage conductance and rad,a- 
lion, the attenuation constant is found to be 

a = 6*78 X 10 _< neper I me ter. 

Show that resonance is sharp. 

To show that resonance is sharp, we shall calculate bandwidth 
A/between half points given by 


But 


so that 


«-£■ 

f 

2 afo 


w 


on putting 




Assuming a velocity equal to that of light, we find 
. , 2 aft, 



1174 


Hand Book of Electronics 


av 
7 r 

6-78xl0- 4 x3xl0 8 20 34x 10 4 
314 “ 3*14 

= 64700 c/s.=0*6 mc/s., 

which means, for a line operating at 200 mc/s, resonance is 
extremely sharp. 

9. Show by a diagram and calculations how a quarter wave 
section can be used to match a 500 ohm line to a 7/ ohm dipole 
antenna at 200 mc/s. 

The diagram shows a quarter wave matching section between 
a 500 ohm line and 72 ohm dipole antenna (A/2 antenna). 


We know that a quaiter wave 
line matches the two impedances, 
the input impedance Z,( = 500n) and 
output impedance Z L ( = ~2S2) t pro¬ 
vided its characteristic impedance 
Z 0 is the geometric mean of the 
two. That is 

Z 0 = V(Z, Z L ) 

= V(500x72) = 



ro^ou 
****** 


zooiiLsvs ou*r& 
mty£ 
M47C/tr*G 
secrw 


190 & 


Length (A/4) of this line will be equal to 

3.I0 10 150 

“4x200 IO 6 “ 4 
= 37*5 cm. 

Therefore, we should use a line of length 37*5 cm. of charac¬ 
teristic impedance 190 ohms. 


EXERCISES AND PROBLEMS 

1 . Derive an expression for the input impedance of a dissipationless trans¬ 
mission line terminated by any impedance and hence deduce the above 
expression : 

(0 when it is short-circuited, 

(//) when it is opcn-circuitcd. 

2. What do you understand by surge impedance of a transmission line ? 
Show the effect of terminating such lines with their surge impedance. 

3 Show that a quarter wave line matches two impedances connected to its 
extremities, it the characteristic impedance of the line is equal to the 
geometric mean of the two impedances. 

4. Discuss the propagation of high frequency currents along a transmission 
line and obtain expression for (a) attenuation constant, (6) phase 
constant. 

5. Explain (a) attenuation constant, (6) wavelength constant, and (c) surge 
impedance of a transmission line. Obtain expression for them interms of 
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inductance, capacitance, resistance and leakance for unit length of the 
line. What will be their values for negligible resistance and leakance ? 
Describe the main types of high frequency feeder lines. 

6 . A low loss transmission line of characteristic impedance 85 ohms is 
terminated by (a) short-circuited load. (f») open circuited load, (c) a resis¬ 
tive load of 50 ohms and («/) a resistive load of 100 ohms. Calculate the 
positions of maxima and minima in each case and draw figures to show 

them. 

7. Show that there exists similarity between the relationshipof plane-wave 
propagation of electromagnetic waves and those for waves on transmission 
line. 

8 . Derive a formula that gives the standing wave ratio at the receiving end of 
the transmission line in terms of the reflection cocfTicient of the load 

9. Explain what is meant by standing wave ratio Prove that resistive load of 
R x and R, produce the same standing wave ratio, provided that R X R.~Z 0 ' 
where Z 0 is the surge impedance of the transmission line 

10. Explain how transmission line stubs can be used for eliminating harmonics 

generated from transmitters. . 

11. Calculate the characteristic impedance of a uniform transmission line 
having L = 0 5 mll/km and C-0 08 vF/km. 

12. In a transmission line having a characteristic impedance of 500 ohms 
the load impedance is a resistance of 100 ohms shunted ty capacitance of 
100 p F. Calculate the magnitude and base of the reflection coeft.c.cnt at 

13 What do you understand by the characteristic impedance of a transmis¬ 
sion line. Discuss the important properties and applications of a half 

wave and quarter wave line. 

14 Describe the use of a transmission line for the impedance matching. How 
' will you measure the frequency of a microwave oscillator with the help of 

a transmission line. .... . . . f , 

15 What do you understand by <? of a transmission line. A length of loss less 
transmission line is short circuited at one end and open circuited at the 
other end. The lower frequency at which the line exhibits resonance is 
10 mc/s When 5 pf capacitance is connected across the previous open 
circuited end of the line the resonant frequency is 9 5 mc/s. What is the 
characteristic impedance of the line ? 

16. Define the terms ’reflection coefficient* and 'voltage standing wave ratio' 
and And the relation between the two. 

17. Define propagation constant, attenuation constant and phase constants. 
Show that the input impedance of a transmission line terminated by 
Zr is given by 

f Z r cosh y l\-Z 0 sinh yl 1 
X/ " /0 lZ 0 cosh yl f- Z R stnh yl J 

18. Derive the equation of propagation of travelling wave in transmission 
lines and obtain the solution inlcrms of the characteristic impedance and 
propagation constant. Discuss the interpretation of the transmission line 
equations of travelling waves and obtain the expression of the reflection 
coefficient. 
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19. Write an essay on (i) transmission line analogy for waveguide, (ii) stub 
line matching. 

20. Establish a relation between the transmission line parameters and the 
attenuation and phase constants. Discuss the performance of a perfect 
transmission line for which R=C= 0. 

What happens when the line is not perfect ? Derive a condition for 
distortionless propagation on an imperfect line. 

21. Discuss the formation of standing waves on a lossless UHF transmission 
line and derive relationship between the load impedance and the nature 
and position of standing wave. Describe how dielectric constant of 
materials at UHF can be measured by this method. 

22. Explain the term ‘phase velocity’ and ‘group velocity*. Obtain expressions 
for these velocities in respect of a transmission line and show that 
v p v„=c». 

23. Comment briefly but critically on quarter wave transformer. 
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WAVEGUIDES 


Till now wc have discussed that a two wire transmission line 
provides a means of guiding radio frequency power from one 
point to another. It should be noted, however, that two conduc¬ 
tors arc not always necessary for the transference of radio freque¬ 
ncy power between two points but only a single conductor, e.g. 
a hollow metal pipe, is sufficient if the frequency is high enough. 
Similar to a coaxial line in which an electromagnetic wave, travel¬ 
ling along it, is confined to the space between the conductors, in 
these metal pipes or tubes too, wave is confined to move in the 
direction of the tubes. Such a wave is called a guided wave and 
the single conductor as waveguide. They arc employed at and 
above 3000 mc/s. 

In waveguide, voltage and current arc distributed in a very 
complicated manner. Therefore, like a transmission line, it is not 
convenient for these guides to be analysed interms of ordinary 
electric circuit quantities of voltage, current and impedances. For 
their analysis, it is convenient to consider the electric and mag¬ 
netic fields within the guide. These fields arc perpendicular to 
each other and together form an e.m. wave which travels through 
the waveguide. As the wave moves in the guide, infinite variety 
of pattern are possible. I hesc patterns arc termed as modes. In 
the articles on waveguide, we shall use the letter E to denote the 
electric field, instead of voltage. 

31 1. BASIC CONCEPTS OF GUIDED WAVES : 

As a preliminary to study¬ 
ing propagation through wave¬ 
guide, we shall investigate the 
problem of propagation bet¬ 
ween two parallel perfectly con¬ 
ducting planes of infinite extent 
in y and c directions lig. I and 
separated by a distance *a . 

All electromagnetic fields, 
in the space between conduc¬ 
tors, must obey certain physical 
laws. V/e have mentioned earlier 
that electric field is always per¬ 
pendicular to the magnetic field. Now at the surface ofa conducto 



v 

Fig. 1 . Two parallel conducting 
planes. 
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any component of electric field parallel to the surface must be zero 
which means the electric field must always be perpendicular to the 
surface of a conductor. The magnetic field, being perpendicular to 
electric field, must now be parallel to the surface of a conductor. 
Thus 

Eiange ni lal = 0 
Hncrmat = 0 

Maxwell’s equations subject to these boundary conditions at 
the surface of conductor, can determine the configuration ol 
electromagenetic field in the space between the planes. 

In rectangular co-ordinates and for non-conducting region 
between planes. Maxwell’s equations are* 

yxH=7«cE V xE=*—,/w/iH. 

Writing the above equations in terms of x , y and z compo¬ 
nents, we have : 


...( 1 ) 


SH, 

17" 

J_Hy 

dz 

=ju)(E Xt 

dE z 
dy ' 

dEy 
' 3z 

— jwpHx 

3H X 

dH: 


dE^ 

d£, _ 

— iinuHu 

IT' 

dx 

=jm€by t 

dz 

dx 


dH, 

17' 

JdHx 
” By 

=juj(E ; , 


dE x 

dy 

: — jojpHx 

Also 

t V*E 

= —cu i ptE 





V*H=—a>V<H. 


or 


, b-E .b'-E 


...( 2 ) 


B# Bp 

dm dm .dm 2 „ 

where e is the permittivity and p is the permeability of the dielec¬ 
tric medium between the plates, w is the angular frequency of the 
wave 

Assume that the wave is propagating in z direction and since 
the field components will vary in this direction, we can further 


*V X 


-GM 

with J=0. 


-► „ en 


= — juiB——jwpH 


we get 7 x H-|5=y«cE for sinusoidal varying fields, because 

for sinusoidal varying field in isotropic media D=D 0 e'"'. 

t V x(VxE)=V(y^H) 

V(7-E)-V 2 E=-y«|i(VxH) 

—v 2 E = —yoi/x ( —jaxE)=u> 2 pcE 
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suppose that variation of all field components in this direction is 
expressed in the form e~ 7: , v here y is a complex constant given by 

y=-*+jp 

where a and f$ are called attenuation and phase constants. When 
we include time variation factor to this z variation factor, then 
e'"' e~ 7 \ i e. t represents a wave oropagating in the z- 

direction. 

While considering x direction, we have to impose certain 
boundary conditions stated previously but for ;• direction, how¬ 
ever, there are no boundary conditions and space between the 
planes in this direction is of infinite extent. We, therefore, can 
assume that field in ^-direction is uniform or constant and hence 
all the derivatives with respect to y in equation (I) should be zero. 
Furthermore, representing the field component H y , varying in 
z-direction by H y =H } vC’ v: , we can easily find 

v: =-yH„ 

Similarly, for other z-dcrivativcs. expressions can be written. 

c b 

On putting —-0 and for p -y. equations (1) and (2) 
become 

yHy-jiotEx' 

bU : 


-y//. 


•j(jJiL y> 


-vE x 


OX 
My 
CX 

5+r E —V «e 

g+y=H = —^I.H 


Y^y=-joJnHx^ 


- 0 ) 


...(4) 


Equations (3) can be solved to give the following equations: 


H -_1 
* Ir bx ’ 

ju>€ t'Eg 


F 

' “ /l* OX 


*/Tr- + 


yw/< bH: 
!r bx 


where 


/l*«y- , -|- or/i€ 


—15) 


in 


•From equation (3), // 4 =-_Z_ Ey . Putting this values of //, 

j„,E,= -y JL -™± =+J? 

IX Join (lx 

Similarly, other equations can be obtained. 
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We note from equation (5) that E x , E yt H x and depend on 
E, and ft, the components of electric and magnetic field in the 
direction of propagation. If, however, we assume that there is no 
component of both the fields in the direction of propagation , there 
would be no fields at all in the space considered. Therefore either 
E. must be present or ft, or both. We, however, leaving general 
case in which E x and ft both may be present, divide the solutions 
of above equations in two sets, first when h 2 is present and not 
H i e there is component of E in the direction of propagation but 
no component of H. Such waves are called transverse magnetic 
waves (TM mode) since H is purely transverse : secondly when H t 
is present and E ; is zero. Such waves are termed as transverse 
electric waves (TE mode). 

31 2. GUIDED WAVES BETWEEN PARALLEL PLANES : 

In this article we shall discuss TE and TM waves guided along 
the two parallel planes, the basis of which has already been dis¬ 
cussed in the previous article. 

(A) TRANSVERSE ELECTRIC WAVES : (£.-=0) 

From eq. (4) of the previous article, the equation of motion 
of electric vector E is given by 

g+y*E=-cuV«£ 


; ; 2 y 

or S+*E=° 

where 

Writing the above wave equation for 
the component E, and recalling that 

£,=£/ r* 

we arrive that 

u 2EiL + ir-E°=o 

dx 2 r 

Solution of above equation is Fig- 2. Two parallel planes; 

E y °=Ci sin /z.v+Cj cos lix, 2 is the direction of 

where C t and C« arc arbitrary cons- propagation, 

tants, and will be determined by the application of the boundary 
condition which is 



Ei,,n£,‘niial ’ 


implying that 

_ f;:°oal^} forailvaluesof --- 

•We are not to mention here TEM mode with one possibility ( TAf 00 ) for 
such a case, of course. 
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/i=—, w=±l. ±2,... 
a 


From first of these we gctC s =0 so that solution is reduced to 
E y °=Ci sin hx. 

From second boundary condition, we get 
0=Ci sin ha 

giving ha=mn 

. rnrr 

or 

The solution is thus 

„ . htlTTX \ 

Ey0=Ci s.n(—J 

The other field components can be calculated on applying 
equation (5) of previous article. We have 


Jr 

jwp 


...( 1 ) 


_ . (mnx\ 

E y °=Ci sin (—) 

-( E/dx 
v J 

Jwn run \ a / 

( mnx \ 
— 


nm 


//*•—h 


jw/ia 

y bH ; * 


It dx 


y _ . / mnx \ 

— • C, sin —- 

Join \ a ) 


i/o_^ = 0 

H > h* dx u# 

Therefore field components of TE waves between parallel 
planes arc 


F —F 0 

t.y-C-y e 

_ . / mirx \ v . 

=Cl sin I— ) f 


1 


. . 

_ mn - (mnx \ v , > 

//.- =— i —- C t cos ( —- ] e~ Yl f 

jajua \ a J 

y I mnx \ 

H x =- A- C, sin —- 

Juju \ a ) 


...( 2 ) 


Each value of m refers to a particular field configuration or 
mode. It denotes the number of half period variations of electric 



1182 


Hand Book of Electronics 


field along the x direction (wide dimension) of the parallel planes. 
A particular mode is written like TE m ,o in which subscript 0 
refers to y direction and will have some value in waveguide where 
planes in y direction will also be considered. 

The propagation constant is given by 

y 2 =/l 2 —w 2 pe 

- (3) 

We know that if y is purely real then 0=0 which implies that 
there is no phase change along the line i.e. no propagation. There¬ 
fore propagation will be possible when 

The frequency above which the propagation is possible is 
given by 



or 

or 


r to m 

fc 2 a 




That means, higher is the separation between the planes, 
lower is the cut-off frequency. It may be noted that piopagation 
is possible when 


«cV € < 


or oj > o» c 

or A < A, or A f > A 


i.e., when cut off wavelength is longer than the free space wave¬ 
length. With y=jfi, field equations become 



Since w=0 reduces the whole field to zero, the lowest value 
of m is 1. Therefore lowest order mode that can exist in this case 
is TE Uo mode. 
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Phase and Group Velocities : 

The propagation constant is given by 

Y=V (wc «) 

or f$=\f(w 2 n€— ojc'ih). 

Phase velocity with which the wave travels within the guide is 

{v *) ph ^p = V(«Vc-«cVO" 

1 _ I 

V(pO v'O -ojr/u* 2 ) 


"VC-V/V) - (7> 

The group velocity with which the energy travels within the 
guide is 

C 2 r 2 

(OWO-V/V) 

(*'*)**• 

=(*,W(l-V/V) ...(8) 


or 

or 


Further wavelength of the wave within the guide is given by 

. ( r g)ph- r n _| _\_ 

' / / VO-V/V) “ Vo - W) 

...(9) 

I_V V 

A.’“A,* 


or A„« _ A f » + A, 1 -( ,0 ) 

Ex. I. /I nw* propagated in a parallel plane guide operating 
in TE mode at a frequency of 6Gc/s. The separation between planes 
is 5 cm. Find 


(/) The cut off wavelength for the dominant mode. 

(//) Wavelength within the guide operating in dominant mode. 

(Hi) Corresponding group and phase velocities. 

(a) For dominant mode, m —I and therefore from eq. (5), 
the corresponding cut ofT wavelength will be 

A f =—=2 a=2x 5 = 10 cm. 
m 
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(b) From eq. (9), the wavelength within the guide for domi¬ 
nant mode (A r =10 cm.) will be 

Ao 




V(l-V/Ac 3 ) 


where 


A 

°~Y - f 


3 x 10 10 


6x10* 


=5 cm. 


Therefore 
A 


7 m 


V( 1-0-25) “ V(0-7S) 


5*77 cm. 


0-866 


Note that guide wavelength is greater than free space wave¬ 
length. Further as cut off wavelength is much greater than free 
space wavelength propagation is possible. 

(c) From eq. (7), phase velocity is 

. v_fo. . _ = 3 X J-— =3-46 xio 8 m/s. 

M*-- V( ! -V/ A c*) 0-866 

and group velocity is 

= 3 46 X 10 8 x 0*866 
=2-95x10* m/s. 

Ex. 2. Find the greatest number of half waves of electric inten¬ 
sity with which it may be possible to propagate a signal of IOC ic/s 
in a waveguide whose wall separation is 5 cm. Calculate the guiae 
wavelength for this mode of propagation. 

In this problem we are to find the largest value of m for 
which the cut-off wavelength. A rt is larger than free space wave¬ 
length, A 0 ,— a condition for the wave to propagate down tne 
waveguide. 

The free space wavelength is 
c 3 x 10 10 


A„ = rr = 


/ “*10x10° 


Cut-off wavelength 
for m = l, 

for m = 2, 


3 cm. 


X _2a_ 2x5 


m 


I 


10 cm. 


(this mode will propagate) 


, 2a 2x5 - m 

A f ——=—=- =5 cm. 
m 3 


(this mode will propagate) 



Wave*" id?* 


for m= 3, 


for m=4, 


. 2a 2x5 , ,, 

A f =—= -=— = 3-33 cm. 
/;/ 3 


(this mode will propagate) 


2a = 2x5 =2 . 5 cm 
m 4 


The last mode will not propagate because for this \ c < A 0 . 
Thus greatest number of half waves of electric intensity that can 
be established between the walls is three. Cut-ofT wavelength for 
this mode is 3-33 cm. Therefore guide wavelength will be 

= 6*91 cm. 

Ex. 3. What should he the separation betw een the planes of a 
plane parallel guide so that a w ave of JOGc/s may propagate in a 
mode having three as the number of half waves of electric intensity 
(m=3) and guide wavelength equal to 6 91 cm. (A^=<5*9/ cm.) 

Free space wavelength is 

, c _3x IO l0 
10 x 10 ’ 

We know that 

, 2a 
A,= — 
m 


m 3 

or a ~~2 

To calculate cut-olT wavelength, we have the relation 

A '”V(I-V/V) 


-(I) 


,_V-V 
V V 


v'(l-A.W) 


7 RSJF 


0^9=3*33 cm. 


Therefore putting in eq. (I), we get the separation as 
3 . 3x3*33 

a ~2 2 

-4 99 cm. 

(B) TRANSVERSE MAGNETIC WAVES ; (H,=0) 

The wave equation for the ^ -component of magnetic field can 
be written as 

XlU 0 
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or 


PH, 


+MV« 0, 


dx* 

solution of which is 

H y °=C s sin Ax+C 4 cos Ax 

In order to apply boundary conditions, we may put H,° in terms 
of electric field component. We know that 


*r°— 


jute BE: 


h l Bx 


so that 


H, 

jute) 


dx 


=Jll rc 3 cos hx-Ct sin hx ]. 

Jute 

The boundary conditions are then 

£o=0 at x=0 1 
E ,°=0 at x=a [ 

Applying these boundary conditions we come at the following 
two results : 


C,=0 

Solution is then 


and 


. nt7T 
/;=— 

a 


(~) 


Wir „ . /iWffX 
—.— Ci sin ' - 

Jioea 


) 


V 

and JV-Ci cos(^). 

The other field components are 

£,«=^cos te) 

ya>e \ tf / 
and £/=0 

Therefore, with y=jp. the field components of 7A/ waves bet¬ 
ween parallel perfectly conducting planes are 


tf,=C 4 cos (—•) e-^ 

£»= — C t cos (22*1 r-* 
<U€ V / 

C 4 sin f522) 


It is obvious that with /w=0, all field components are not re¬ 
duced to zero. That means, in this case, lowest mode will be 
TM 0 , 0 . For propagation to be possible we must have 
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r=jf ,= jJ [“-‘ lt -(?)'] 

or cut-off frequency is 


v 0 m_ 
Jc T a' 


Thus for a given value ofw, there is a corresponding cut-off 
frequency below which wave propagation cannot occur. The wave 
or phase velocity with which the wave will propagate between 
the planes is given by 


OJ 

P= p 


jh-mi 


which predicts that near cut-off, velocity approaches infinity and 
decreases as the frequency is raised above cut-off, approaching 
the lowest limit 


r-»r 0 




when the frequency is high enough so that term is negligible 

compared with cu*pc. When the dielectric medium between the 
planes is air, ft and < have their free space values so that lowest 
limit of velocity is 


VW«) 


3x I0 $ metcrs/sec 


= c, the velocity of light. 

This wave velocity or phase velocity is different from the 
velocity with which the energy propagates. The latter is called 
group velocity. i* f . and is related to phase velocity, v, by the rela¬ 
tion 

v.v g =c 2 . 

TEM WAVES IN PARALLEL PLANE GUIDES : 

In case of TM wave, if m=0. then field components arc 


H,- C x e-*" 1 

&=—c, j 


F: = 0. 

Thus we find in TM^ mode, the component of electric field 
as well as magnetic field in the direction of propagation is zero, 
that is, electric and magnetic field both arc transverse to the 
direction of propagation. Therefore, it is TEM wave. Further 
discussion about TEM wave will be takenup after discussing wave¬ 
guide (art. 31*6). 

31-3 ATTENUATION IN PARALLEL PLANE GUIDES : 

While discussing the propagation along parallel plane guides, 
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it has been assumed that walls arc of infinite conductivity so that 
losses are zero and y=jp (taking a=0). In actual waveguides 
conductivity is rarely infinite and therefore there will always be 
some losses. The problem is now to calculate attenuation cons¬ 
tant, a. 

The voltage and current relations on a two wire transmission 
lines are given by 

K=K 0 e-< a +tf>-* 

/=/„ e-l*W 

and the average power transmitted is 
P av =\Re[Vl*) 

= $ Re [V 0 /„*] 

The rate of decrease of transmitted power along the line will 
be 



The decrease of transmitted power per unit length of line is 
-AP* v =2*P av 

and this must be equal to the power lost or dissipated per unit 
length. Therefore 

Power lost per unit length = 2a ~~=2* 

Power transmitted P Qv 

so that 

Power lost pe r u nit length Pi 0 „ 
a ~ 2x Power transmitted 2 xP lr „ ol . 

We shall now proceed to calculate attenuation constant a in the 
following three cases : 

(A) ATTENUATION FACTOR FOR TEM WAVES : 

We have already shown that field components for TEM svave 
are 

Hy-C^ e-* 

£, = £-C, f- C, =r, Hy. 

Since H y is wholly tangential, it is continuous across the 
boundary and represents the magnetic field of the wave entering 
the metal. The linear current density in each of the conducting 
planes will be 

J*=xxH=xxy Hy—T H y 

A 

where x is the unit vector in x-direction. Therefore 
I Js |=c 4 . 

The loss per square meter in each conducting plate is 

=W*S=KV Rs. 

where R s is the resistive component of the surface impedance 
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where 


or 




*- 7 te) 


i • w ' 

hnl and a, n refer to the values in the metallic conductor. The total 
Joss in the upper and lower conducting surfaces per meter length 
for a width of one meter of the guide is 

P'ou =2 (i Rs Js *) 

— Rs C t : . 

The power transmitted down the guide per unit cross sectional 

afCa,S =1 R, (Ex H*).- 

-I (E*H r ) 

Suppose the spacing between the plates is </, then cross- 
sectional area with width unit meter of plates will be a so that 
power transmitted through this area will be 
/W={ vCSa. 

Therefore attenuation factor is 

Rtou E S C «• Rs 

or EM 2xPi,a*>. 2 

_L //!S&2-\ 

'iyfl V \ 2o„/ 

nepcrs/metcr. 

A curve of attenuation versus frequency for TEM wave bet- 
ween parallel planes is drawn in fie. 3. 

(B) ATTENUATION FOR IE WAVES : 

We have shown in TE ease that field components arc 

Ey—Ci sin (”““■) e ~ !ts 1 

^-Ac.sinW 

wp \ ° 1 

. HI* r 

The amplitude of linear current density in the conducting 
ane will be equal to the tangential component of // i.e. H t at 




tmnx\ ... | 
e°s(_)^-l 


plane 
,v=0 and x=a. 


I Js, H H, | (JT=0. x--a) 
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For this mode, as is obvious, there is no flow of current in the 
direction of wave propagation. The loss in each plate is 
P'iou=\ Rs I Jsy | 2 

mWCS //<*>/*» \ 

V\2 

Therefore total power lost will be Pi 0 u=2P'hsf 
Power transmitted per unit area=i R e (ExH*)- 

=-\(E y H x ) 

, r „. hi) 

2w\l \ a / 

The power transmitted in the z-direction through an element 
of area of width dx and breadth unity, da=dx , is 

JCr sinS /=*) dx . 

\ 0 / r . . 

Then the power transmitted in the z-direction tor a guide one 
meter wide with a spacing between conductors of a meter is 


sin'- (=5) * jp 

J*-o 2w/i \ a I 


Therefore, 

p 

4w/x 

Wc can now write for attenuation factor 

Plost 2P Ion 


«= 


2x P, 


irons - 


2x 
2x 




4u>fi 

rriWCt* 

2 , 


JoryPa* 


2x 


ill //^>\ 

, a*J\ 2 o«J 

pCSa 


since 


2m'-nWM2oJ 

fiwiid* 

(“)’} 

= \/(ct> 2 /l € — W C V € ) = W ) V( 1 “/-'If 2 ) 

W 


= ^V(l-/c 2 // 2 ). 


Therefore, 


<*rE : 


2n j L n z ^(wp m l2(j m ) 


Further 
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Then we can write a in another form. That is, 

arr=- - 

a.W( I-/<’//■’>- 7 - 

(21 s ' 1 ( ("l) 1 ' 2 

= 4n l /V ; V(>-/<W , J‘ 

v/m.( A)*' 1 (/<)“ VtWO 
= yWVU-/' , //V‘ s (VW«V' r 

\A" nepers/m. 

“?/T • J j(l-/«*//*)■'* 

u,h,re n =i/(»*/0. the intrinsic impedance of the space The 

variation of attenuation factor with frequency, f is depicted ,n 
variatton 01 jon fac(or as lS obvious from the above 

expression depends upon (/) the function of (///,). («) on m, and 
frfifhl metal Plate parameters. It decreases with increasing 
Slcy becomes Jo for infinite frequency. 

(C) ATTENUATION FOR TM WAVES : 

We have shown in TM case that the field components are 

„,.C. (=) 1 

-(=)•* [ 

The amplitude of linear current density in the conducting 
planJwill be equal to the tangential component of H, that is 
7j=| H,\=C,. 

Then the loss in each plate one meter wide is 

P',o„=\ R>\ R ' C *' 




so that the total power lost per unit length of both the plates, each 
being one meter wide is 


^2x!c^( 2 ;J 


The power transmitted in r-direction per unit area of cross 

“ Cti0niS = J R, (ExH*) f 
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=i (E x Hy) 
= 4 ^ 003 = 


(t) 


Power transmitted in the z-direction for a guide one meter 
wide in j'-direction with a spacing between conductors of a meters is 


tram 


=r j w cos* te) 

Jo «€ \ a ] 


fiCca 

=■=“ 1 —• 

Therefore attenuation factor is 

C 4 V(q > t i m i2o m ) 

.tCfa 


*TM 


2XP 


irons• 


2x 


4u)€ 


2c0€ 

~ op J\2o m )' 


«7 E 




r* 


re 


This expression can be further modified by putting the value 
of/2 and manipulating in the way adopted already for TE case. 
We can put it like : 

\/m l( 27 Tfi ln \ (f c lf)*» 

™ o 3 * J ’ Tfi-Zc*//*) ne P crs / mctcr * 

This is also an involved func¬ 
tion of (/// c ) as well as being 
dependent on //i, and on the metal 
plane parameters. Obviously, SI I il'V 

■m 

The variation of attenuation 

factor with frequency for TM wave 

is shown in fig. 3. The minimum in 

the attenuation curve for this mode 

may be shown to occur at F!o , v . ‘ f v 

Hg. 3. Variation of attenuation 

/W3/ f . of TM, TE, and TEM modes 

between parallel planes (m=\). 

31 4. RECTANGULAR WAVEGUIDE : 

When the cross-section of the metal tube is rectangular, it is 
called rectangular waveguide and if circular, then it is called 
circular waveguide. 

Jt will have two pairs of conducting plates. The solution of 
Maxwells equations to determine the electromagnetic field 
configuration in the guide, will be obtained by applying the 
boundary conditions at the walls of the guide. Maxwell’s equations 



. • 1 

it” 

1 

• 

1 

1 


1 1 
1 

1 



* , 

d 

c 

OS r -0 
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for the loss free region within the guide (the direction of propaga¬ 
tion is r and since guide is finite in both x and y directions 

and 4- will not be zero), on putting 4-——y in eq. (I) art. 
ox- • cy cz 

31-1 are 


CH: 

by 

t yH y =jioeE.x t 


cH : 

i *> U — imf / 


bx 

i /it., — —yWCZ-r, 

bx +ytx 

tlL 

bHx . c 

cEy cE x 

bx 

-/cut*-;, 

O’ 

bx by 

equations for E : and H : 

arc 

b*E : 
bx * 

+£+•«-- 

io : n<E ;t 

b-H: 

+ ** +v =l/ =_ 

iii’ue ft 

bx * 

+ a? +y "' 

OJ fit//;. 

4 


A, 




> -c) 

i 

J 


...( 2 ) 


liquation (1) can be combined to give 

It 

n ' h- ox h- cy ' 

ii y bH : _Jwc bE^ 

h- cy h- 


i- ex 


*l- _ y 

b- bx P oy 




••(3) 


y cE : iwfi bH t 
by + b* ox' J 
where h 2 =y-+w°n<. 

These equations give relationship among the fields within 
the guide. Now we shall again here divide the possible field confi- 


From equation (I). 


r =-L»JLJLu 

7 «c"' 


OJt 


or 


__ MA l SE ‘. r 

•* dy wt[ju,i\ex +y£ vJ 

= _L b JL _ y_ 3E s_A E ± 

w€ by w’ntox 
(y 2 +aj 2 fie)E x _ _ j_ CHi_ _y_ BE : 

u>V € wc ^ «v« to *. 

r _ j w H C H: y bE z 
h* by ~lr "bx' 

Similarly, other equations can be obtained. 

tEqs. arc written In black face only to mark their significance. 
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guration within the guide into 
two sets: 

(1) Transverse magnetic 
waves (TM mode), for which 
H z = 0. 

(2) Transverse electric wa¬ 
ves (TE mode); for which £-=0. 

For rectangular waveguide 
(fig. 4), the boundary condi¬ 
tions are 

E,ani'n«ai= 0, i.e. E X =E,= 0 at >=0 and y--*b. 

E IM „„i'i= 0. i.e. E, =E : = 0 at x=0 and x=a. 

31 4-1. TRANSVERSE MAGNETIC WAVES : 

TM mode in rectangular guide : (a) Field components : 

We shall solve the partial differential equation (2) to obtain the 
values of field components corresponding to this case. 

For TM mode, H s is zero while E s will be a function of x and 
y coordinates. Let Eg (x , y , z)=E z ° (x, y) er Ys , with 



or 


or 


Ef=X (x), Y(y). 

Putting eq. (4) in eq. (2), we get 

Substituting the value of y 2 from 
d 2 X d l Y 

Y J + x l ? +h ' XY = 0 

X dx « + Ydy'- + ^ _0 

I d-X \ d'-Y 

X dx- Ydy-' 




...(5) 


...( 6 ) 


...(7) 


In any equation, a function, purely dependent on x, cannot 
be equated to some other funution, which on the other hand, 
purely depends upon another independent co-ordinate y unless 
each of them is equal to a constant, i.e. 


Xdx- “ Ydy* * • 
Thus we should solve two equations; 

first 

solution of which is 

X=Ci cos Bx+C* sin 2?x, 


±*X+V-A* 
Xdx* r " ~ A ■ 


...( 8 ) 


-( 9 ) 


where 
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1 d-Y 

And second -pr - — a , 


...( 10 ) 


whose solution is Y=C 3 cos Ay+C 4 sin Ay. 

Thus, E : »=XY 

=C,C 3 cos B.\ r.cos Ay+C t C 4 cos Bx. sin ^ 
+C,C 3 sin £*.cos Ay+CdC* sin Bx. sin /O'. ...(11) 

To calculate the values of constant involved in above equa¬ 
tion, boundary conditions will be applied. We know that 

£.°= 0 . 

when *= 0 , x=a and y= 0 , y=b. 

Applying x=0. equation (11) lakes the form 

£.o = C,C 3 cos Ay+Cfo sin Ay— 0, 
which shows that for all values of y, E : will vanish if Ci-0. 

Thus equation (11) is reduced to 

£.o=C 2 C 3 sin Bx cos Ay+C t C t sin Bx sin Ay 

which, when >’=o‘ reduces to 

£.«=CtC 3 sin Bx—0. 

Assuming B* 0. C, or C, should be zero to satisfy above equa¬ 
tion. But if C, is zero, whole expression for £..° will become zero. 

Thus taking C,=0, equation (I I) will be reduced to 
£,o=C ; C, sin Bx.sin Ay 

Now if x=a, then 

£,°=Csin Basin Ay^O. 

This expression to vanish, for all values of y, A cannot be 
taken as zero since it would make £.-« identically zero and the only 
alternative is that B should assume the value 

B——i where hi—I, 2, 3... 

ft 


Again if 


B-'^. 

a 

y—b, then 


£ ; °—C sin ——-sin Ah. 


For this to vanish for values of x, A must have the value 

A=^- where /i=l, 2, 3,... 

Therefore, the final solution for £,° is 


„ „ ^ . mux . nny 
E.°=C sin-sin -r— 


--( 12 ) 


We shall see from eq. (14) that for the waves guided by per¬ 
fectly conducting walls , y (=«+#) is cither purely real or purely 
imaginary. In the range of frequencies, where y is real, 0 is zero, 
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ie., no wave motion; but in the range of frequencies, where y is 
imaginary, a is zero but p has some value and therefore, there is 
propagation by wave motion without attenuation. The latter range 
is of chief interest in waveguide propagation. With each type of 
wave, a cut off frequency is associated below which, for a guide of 
given size, propagation becomes impossible. In general, value of 
cut off frequency for each type of wave is lowered with increasing 
size of the guide. 

Now from equations (3) and (12), on putting H s =0 and y=jp 
for frequencies above the cut off frequency, we can get 

Ex°= B cos sin 1 



A sin Bx cos Ay. 



A sin Bx cos Ay, 




B cos Bx sin Ay, 


where B=— and A = -j-- 
a b 

in above values of B and A t wand n are integers, while a and 
b are the width and height of the waveguide. 

(b) Cutoff wavelength : 

We know that 

or 

Also, /i*=y*+o»V«- 

Therefore, y=y/(h z —ur\u) 

-J{(t } -<■<’ 

Equation (14) represents the value of propagation constant 
for TM waves in a rectangular guide. For low frequencies, 
is small and y is a real number for which P must be zero. When 
P is zero, there can be no phase shift along the tube. i.e. no wave 
motion along the guide for low frequencies. 

On increasing the frequency further, a stage will come when 
u) i fi€=h i } and y=0. This value of w is called cut-off angular fre¬ 
quency and is denoted by w c . Now for frequencies greater than w et 
(i.e: w > w f ), y will be imaginary and will have the form y=jp. 
For perfectly conducting walls attenuation constant a is zero for 
all frequencies when w > w c . For the frequencies above cutoff 
value, we have 

v=jp= J{(t)'+( t )’-^ }■ 



Waveguides 


1197 


The cutoff frequency is given by 


...(15) 


JpFf} 


...(16) 


In expression (16) A, is called cut-off wavelength, r* in above 
expression is the velocity of electromagnetic wave in a dielectric 
having constants h and «. Equation shows that cut-off wavelength 
depends upon the size (a. b) of the guide and the mode ol propa¬ 
gation (m % n). Propagation is possible only when the wavelength 
of the wave is less than the cut-off wavelength (A 0 < A.). 

(c) Guide wavelength : 

Now the velocity of wave propagation in the guide will be 

lx) lO 

•'»-«= "T/- 7..\n 


'-rj{ .v-(?)'-(f)} 




J( >-VT 


...(17) 


This expression shows that velocity of wave propagation in 
the guide, v g , is greater than the phase velocity in free space. The 
phase velocity decreases from an infinitely large value when the 
frequency is increased above cut-off and for frequencies much 
above cut-off. it approaches t> 0 the velocity in free space. 


‘Since wave motion is possible only when frequency 

ol the wave u is greaier than w e , ihe cut off frequency. 

•b. = —!-velocity of the wave in a dielectric of permeability u 

V(f*0 

and permitivity c. Since here dielectric is air, these arc referred to free 
space and v 0 is called velocity in free space. 
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The guide wavelength A r is given by v t lf Since v, is greater 
than phase velocity in free space, A t will be longer than the cor¬ 
responding free space wavelength. Thus 


A* * 


CO 




...( 18 ) 


We thus find that 


\ - V -*~ 
X '~f 


Vo 


fj( - 7 ) 
>0 _ 


7F5) 


or 


1 . 1 


a7"V + a, s 


which called guide equation. 

Two subscripts m and n are used to des.gnate a particular 
mode The first subscript m indicates the number of half period 
variations of electric field (even in TM mode) along x-axis which 
is taken along the wide dimension a] the waveguide and the second 
subscript n indicates the number of half period variations of elec- 
trie field along .y-axis taken along narrow dimension. 

We see from equation (13) that if w=0 or n=O f all the field 
components become zero. Thus lowest value for m or n can be 
unity. For m=n=* 1, the lowest cut-off frequency will occur. Tbw 
particular wave is called TM n wave. For the propagationi of TM 
waves with larger value of m and n 9 through a guide ot given 
dimensions, higher frequencies are required. 

31.4-2. TRANSVERSE ELECTRIC WAVES : 

TE mode in rectangular guide : We shall solve the partial 
differential equation (2) to obtain the values of field components 
corresponding to this case. 

(a) Field Components : For TE mode E : is zero, while H : 
will be a function of x and y coordinates. Let 

er yz 

with H;°=X(x) Y(y). 

Putting above equation in eq. (2), we get 
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> S-+ x - d ? +*xr—wv- 


Substituting the value of */ 2 from 

h- = y 2 +u> 2 /u, 

we ge, ” ^ 


d*Y 

r44-+/i*j*r=o 


or 


JWfl 


dx 2 ' df 
1 d'-X I *Y 

T ~d? +h ~~Y dy* - A 
Now proceeding exactly in a parallel way as in transverse 
magnetic waves, we shall finally obtain 

//o=AT=CiC 3 cos Bx cos Ay+C x C 4 cos Bx sin Ay 

+C 3 C 3 sin Bx cos Ay+C 2 C 4 sin Bx sin Ay. ...(19) 
Differentiating above equation with respect to x , 

=—CiC 3 B cos Ay sin Bx—C X C 4 B sin 4y.sin Bx 
dx 

+CtCiB cos Ay cos Bx+C«C 4 B cos Bx sin Ay. 
Now from equation (9), since £.°=0, 

dx jwn 

-£,°= -C|C 3 £ cos Ay sin Bx— C X C 4 B sin Ay sin £.r 

-|-C 2 C 3 £ cos Ay. cos £.t+C 2 C«£ sin /4v.cos Bx ...(20) 
Now we shall apply the boundary condition , 

£,.•=0 at .v=0 

At .v=0 

-^-£;*=C 2 C 3 £ cos /ly+C 2 C 4 £ sin /tr=0, 

JU>fl 

which shows that for all values of v. £ v ° will vanish if C 2 =0. 
Thus equation (20) reduces to 

~ £/=-C,C 3 £ cos Ay sin Bx-C x l 4 B sin ^.sin£v,...(2l) 

J 0)\1 

Again differentiating eq. (19) with respect to y % we get 

?JIlL-.-CiC i A cos Bx sin Ay+C X C,A cos Bx cos Ay 
by 

—C>C 3 A sin £x.$in Ay+C 2 C 4 A sin Bx cos Ay 
But from equation (9), since £.°*0, we get 

by ja, h * 

Therefore, 

j~^Ex°=—C x C 3 A cos /fr.sin Ay+C X C 4 A cos £*cos Ay 

-C t C a A sin £x.sin Ay+C 2 C 4 A sin Bx cos Ay ...( 22 ) 



1200 


Hand Book of Electronics 


Again the boundary condition is 
Ex°=0 at >’=0. 

At y= 0, 

_JL£/=C 1 C 4 /<cos Bx+C 2 C a A sin Bx= 0, 

ju>fl 

which shows that for all values of x, E r ° will vanish if C 4 =0. 
Thus equation (22) reduces to 
h 2 


jwli 


.£ x o—— C\C*A cos Bx sin Ay—C*C%A sin Bx sin Ay 

...(23) 

Since constants C,=C t =0, equations (21) and (23) can be 
written as 


and 


— E,°=-C,C,B cos Ay sin Bx. 


...(24) 


_ _?. £,«= -C,C 3 A cos Bx sin Ay. (2 5) 

' 

Now at boundary condition x=a, E/=0, equation (24) will 

be satisfied for all values of y if 

Ba—mrr 


or 




where m=0, 1, 2, 3... 


Similarly, at boundary condition y—b, equation (25) 

will be satisfied for all values of .x if 
Ab=nn 

or a ~T where ii=0 # 1,2, 

Putting C ; C 3 =C, equations (24) and (25) become 


E, °=- ^--CB cos Ay sin Bx 

n- 

F. ,°= cos Bx sin Ay 


...(26) 
...(27) 

and for H : °, put C 2 =C 4 =0 and C,C,=C eq. (19). so that 

H.°=C cos Ay cos Bx. -(2«) 

To calculate the values of other field components, we see that 
from equation (13), 

Hx - lr dx 
V VE° 

/I s jwfi 

Putting y=jp, and value of £,°, 

H,°= - j -pr ~ x-^CB cos/ly sinBx 
nr jay. ft- 

=^CB cosAy sinBx. 


...(29) 
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Similarly, H/°=p CA cos Bx sio Ay ...(30) 

Field equations (20), (27), (28), (29) and (30) give the field 
component values in the case of TE mode. 

(b) Cutoff wavelength : 

Quite similar to TM case, for frequencies above cut off 

or 

The cutoff frequency is given by 

-HtHt)' 

'■-?P' + G)T 


\ -3 




(c) Guide wavelength : 

Velocity of propagation within the guide is 


v *=l> 


)/vV< -_tjo 

\/( 1 — w { ! /«*) y/(\— a 


— w r ‘ W' 


Guide wavelength is 

K- f 


...(32) 


...(33) 


f VO -«vV) 

K 

V(l-VMr‘) 


, _ v = V 

2,* V 

1=1-,.! 

V A c 2 A f 2 


...(34) 


...(35) 


Above relation is called guide equation. It is also obvious that 
v g > v 0 

i.e. velocity in the guide is greater than wave velocity in free space. 
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TEi, 0 mode : 

In the case of TE wave, we see from equations (26), (27), (28), 
(29) and (30) that all field components do not vanish if either m 
or n (but not both) is given a value zero, —quite contrary to TM 
case. Thus in the present case TE Uo and TE 0ia modes are possible, 
m subscript is always taken across wide dimensions ofthe guide 
and hence TE\ t0 wave has a lower cut-off frequency than the Tb 0 ,\ 
wave as shown below : 


We know that cut-off frequency is 



, imvy >l nv Y 


/-rywi 

For TEi 

, 0 mode m=I ; n=0. 

So 

(fe) i*o=2 0, “fl* 

Also for 

7£ 0 , i mode m=0, /»=1. 

So 


Since b 

< d, 


( /c)l. 0 < ( /*)O' 1* 


The wave, which has the lowest cut-off frequency, is called 
dominant wave. For 7£„ 0 wave used in most experimental wort, 
the field components can be written by putting m= 1 and it—v so 
that £=ir/<i, A =0 and /?=*/*, in field equations />., 


£,•==** c.B. sin 


= -^ C .sin^ 
7T a 

E.v°=H y 0 =0, 

.. //3aC . wx 

H x °=-— .sin — 
it a 

H.°=C cos p. 



77 


A f =2a ; b=- 



...(36) 
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Thus for TEi, 0 wave the cut¬ 
off frequency is that frequency 
for which the corresponding free 
space half wavelength is equal 
to the width of the guide. The 
waves with wavelengths longer 
than X ( cannot be transmitted thro¬ 
ugh the guide. Thus the wave 
guide is a form of high pass filter 
capable of transmitting a wave of 
frequency greater than the cut- 

I* 

off frequency Variation of 

'V 


with ^ is shown in fig. 5. 
'V 



•Fig 5. Variation of s,/x 0 with 
W 


For TE U o mode the guide equation will take the form 

\ __ *o _ 

We sec from the curve that 

f(fl) at very high frequencies (for which A 0 /A f +0), A, % A n . 
he., guide wavelength nearly equals the free space wavelength. 

+(b) as the frequency is decreased. A 0 and ratio A c /A„ both 
increase, and hence guide wavelength, \ s , increases. 

(c) if XJX C < 0 5, change in A f /A 0 is not remarkable but for 
the value of A 0 approaching X„ XJX 0 and the guide wavelength. A v , 
increase rapidly and approaches infinity. 

As is obvious from end view, there is voltage between top and 
bottom which is maximum at the centre. To show this maximum, 
more solid arrows with tail (represented by cross, x) above and 
point head (represented by dot, •) below, are drawn in the centre 
(lig. 6d) At the side walls, the voltage is short cut by them and 
hence assumes zero value there Alter quarter of a cycle, voltage is 
zero, but again appears with reversed polarity after further quarter 


♦The plot easily follows from A 0 2 /A r 2 = 1 — A n /A f a . 

fWc know u}, i /uj-=X 9 t IX r 2 . VVhcn frequency w is high, we can 
assume that w->co so that 0 or A o /A c ->0. But when frequ¬ 

ency w is low, it can assume as lowest a value as ; because 
below o)f propagation is not possible, so w=w, i.e. XJX C = |. 

4' = 7(T S ° ,ha ‘ a$ decrcases - A *M. increases. 
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Field configuration for TEj, 0 mode in rectangular wavegaide : 



(a) Rectangular wave guide. (b) End view 



(c) Bottom view 


c*#£Cr/o/v or 

PROPAGATION 



(d) Pictorial representation of field pattern of TE l%% wave. 

Fig. 6. Electric and magnetic fields TE l , 0 wave in rectangular waveguide. 

Refer to eq. (36). For TE l>9 we have only E t , H x and H t : rest other 
components are zero. E r is negative so directed opposite to +y-axis. 
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of a cycle as shown with tail below and point head 
magnetic field forms the closed loops. 

Higher Order Wave Types : 


above. 


The 



Ho 7. Lxamplo of higher order waves for reciaogular guides. 
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Field configuration for TMj, i mode : 




!** 

-i £ 


Top view End view ' 

Example 1. A hollow rectangular waveguide has 
dimensions 6 cm x4 cm. The frequency of impressed signal is 3GHz. 
Compute, for the TE l% 0 mode : 

(a) cut-off wavelength 

( b) the guide wavelength 

(c) the phase constant 

(d) the intrinsic wave impedance. 

Given a = 6 cm. = 06 m. 

6=4 cm. = 04 m. 

For TEi. o mode : 

(а) Cutoff wavelength 

Ac-rnr =2fl 

0 = 2 x 06=0 12 m. 

(б) Phase constant 

-J\^ -(r)] 

r 4x(3xio»i i _i i \*T ;i 

=,r L (3xl0»)“ \'06/ J 

=34 73 rad/met. 

(<) Guide wavelength : 

277 _ 2tt 
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(d) Wave impedance : 

£, _uj\i _^2nfx47T x 10~ T 

34-73 

_2^x3x I0’x4wx JO -7 
34 73 

~682 034 ohm. 

Example 2. What will he that cut off wavelength , /or the 
dominant mode , //f a rectangular waveguide whose breadth is 10 
cm. ? For a 2 5 GHz signal propagated in this waveguide in the 
dominant mode, calculate the guide wavelength . the group and phase 
velocities, and the characteristic wave impedance. 

(i) Cutoff wavelength; 

= 2 x 10=20 cm. 

m 


(ii) Guide wavelength : 

A _ 

A *— . 


so that 


(l-V/V) ,/S 

where free space wavelength is 

3-1 O'" 

/ 2’5 x 10* 




12 


12 cm. 


12 


' Nil 


121*1' 8 0*K 15 Cm< 


(iii) Phase velocity : 


W 


I 


* P )• *'( l-V/VP' 8 (I - V A.-) 15 

3 x 10* 


ux 


3*75 x 10" mel/scc. 


(iv) (iroup velocity : 

i V r 0 (I - V/V) 1 • 3 x UP x 0* 8 2 4 x I0 8 met/sec. 

(v) Wave impedance : 

ro/i /tr„ 4:r /. |()' : x 3 X I0 8 

Z “T s (i-V/*cV'* »» 

I50w=-47l ohm. 


315. CIRCULAR WAVEGUIDES : 

The method to solve the Maxwell s equation, in Older to deter¬ 
mine the field configuration in the circular guide, is quite similar 
to that adopted in rectangular guides. Wave equations and field 
equations for simplicity, are expressed in cylindrical co-ordinates 
and then boundary conditions are applied to obtain the final 
expression lor field components. 
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TM and TE Waves in Circular Guides : 

In order to determine the conditions for propagation of waves 
inside a hollow, perfectly conducting cylinder as shown id. fag. 
it is convenient to employ cylm- ^ 

drical co-ordinates r, <f> and z 
instead of rectangular co-ordi¬ 
nates. The Maxwell’s equations 
may be converted into cylindri¬ 
cal co-ordinates. 

In cylinderical co-ordinates 

in a non-conducting region, assu¬ 
ming like art. 311, that varia¬ 
tion of field components in z 
direction is represented by a 
factor e ~ yz , Maxwell’s equations 
are 



Fig. 9. 


T iJ k 


...( 1 ) 


L S ^+yE t = -J^M, 

_ BE: 

~V E, ~~dr 


The equations can be combined to give 

jut BE : BH; 

BE. y BH; 
h % H*=-J"* -J r rd + * 

BE; jtop BH; 

= —- 7? 

BH; 
Br 


i 


lrE r 


Br 
y BE; 


where 


htE *—7W +jmiL ~ 
**=/+«»***«• 


...( 2 ) 


J 


re " — r • »— 

The wave equation in cylindrical co-ordinates for E : is 

™ + L™‘ +*§-+!#=- o 
Br 2 r* Bjr oz- r cr 

Let E : =P(r) Q(4>) e- y *=£,° 
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which when substituted in above wave equation gives 


or 


rfV . Q dP 

2 dr~- r Jr 

| dtp 1 df, 1 /ji=0 

pSr^TPdr ' Qr ! <*** 


^£ + /> e /. + a,V</ > e-0 
r- a<r 


ri d‘± + ldl ,A_ ' 

■|?S rT r/' l /r T J G ^ . . 

where « is a constant. Thus two equat.ons are formed, hi. 

j* : 

the solution of which is ’ , 

cos nj+Bm sin 

and equation 

</(r //) 2 rh il(rlt) \ rVr J 

... Bessel equation in terms of (r/j). Using only the solut.on 
£ C is finite a. (r/O-0, we write the solut.on 

where J. (- rh ) is Bessel function of first kind of order «. 

Therefore, we find that 

E,°=P( r ) Q (4) . 

=y n (r/i) cos /i^ + &. Sin n<f>). •-{*) 

The solution of H f will have exactly the same form as that of 

£ , „ + .4, 

The var ^VfTquat(3)^nd"(4) 1 d mu^tip?ied "by "a facwr 
arc accounted if cquan j^jed p ' rcvious |y j„ the ease of rectan- 
But as we ; ma einary for transmission to occur, i.c. y 

Should multiply by . 

Therefore. ^ ^ ^ cos „, +Al sin 

// =7 (rh){Cm cos /i^+A. sin /i^) e' 
anJ r ,h*r the relative amplitudes of /I* and fl„ (also of G. and 

Furh ,.heorientation ofthe field in the guide, and lor a 

ft.) determine the or ljcular va |ue of ». the axis can 

c,rCUlar h f or ented to make either A. or B„ equal to zero. Let us 
always be or e t0 zer o. so that 

choose B„ An cos *«-"* - 5 

and 5.=-/. W) C- cos ^ - (6) 
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31 5-1 TM WAVES IN CYLINDRICAL GUIDES: 

For TM waves, H : is identically zero aod the wave equation 
for £- is used. Thus from equations (2), and using equation (5), 
taking only the real part, we write expressions of fields for TM 
waves as follows : 


E : =ArJn(rli) cos n<f> cos (wt—Pz) 
H g = -~ - J„(rh) sin sin (<*>/—/3z) 

Ht = -- n y*- J n ‘ ( rh ) cos nd> sin (wt—fiz) 

£,=- H t 

OJ( 

E t =— — H, 
cue 

/y,=o. 



For TM wave it is necessary that E z and E+ be zero at the 
pipe wall where r=a t because of infinite conductivity of the wall. 
This requirement, from equation (5), gives 

Jn (//a)=0. ...(8) 

where a is the radius of the guide. Equation (8) possesses an 
infinite number of roots but since for the propagation to be possi¬ 
ble, y, is to be imaginary, i.e., h should be small (/;- <4 a>V) or 
else extremely high frequencies will be required, only first few 
roots of eqn. (8) will be of practical interest. Few roots of J n are 
given in the following table : 


TABLE 

Roots of /„=0 


m 

mm 

! • 1 

j n=2 

/i=3 

I 

2*40 

3*83 

514 

6-38 

2 | 

552 

702 

8-42 

9 76 

3 

865 

10 17 

11*62 

1302 

4 

11-79 

13*32 

14-80 j 

16 22 


In the table m signifies the particular root meant. Thus 
(//a) ol =2-40 (/w)„ = 3-S3 ) 

{ha) 02=5-32 (//fl), 2 -7*02 / " W 

The first subscript refers to the value of//and the second refers 
to m i.e., to the particular root under consideration. The various 
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TM waves will be referred to as TAf QU TM xt , etc., /.e., in genera! 
TMnm. It is obvious that since there is no root (ha)TM W waves 

cannot exist. . . _ e , 

Physically // is the number of cycles of variation of E : found 
as i vanes around the complete cylinder or through 2« radians 
The subscript m indicates the number of zeros of electric field 
along a radial path from the centre to the inside surface of the 

outer guide wall. . , f 

Let us represent relations (9) as follows in a general form 

where r.„ is a root of J.=0. Since /i=v'(r+"V‘). w * have 
fl\Z(y 2 + w > < ) =T " w ’ 

»,h« } 

For propagation to occur, should be imaginary, i.c.. 

J{ -V— (-V) J 

The cut off frequency, above which transmission takes place, 
can be calculated by putting &»-0 . i e - 


-v-C?)’ 

i 

/«= 


W«. 


( 10 ) 


2 «v'(/«) a 2«J 

The cutoff wavelength is 

. 2tra_ 

Tnm 

Since is the inner circumference of the outer wall of the 
guide the cut-off wavelength is that at which the circumference ,s 
equal to r„ „ wavelengths. 

The phase velocity is 

w r 


v 


w ____ -__ 

(j„„, VU-Wf'/w 2 ) 


and the group velocity is 




I 


”' = 




...(ID 


...( 12 ) 


5 2 TE WAVES IN CYLINDRICAL GUIDES : 

V ,ero Using equations (2) along with equation (6), taking 
fhc real part, we write the expression of fields for TE waves 

as"given on next page. 
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H x =CnJ„ (rh) cos n<t> cos (w/— pz) 

PC n 

Jn ( rh ) cos ii(f> sin (cot—pz) 
nf$C 

— jfir J n (rh) sin n<f> sin (wt—pz) 

Er-fH. I -«3) 

F,~ H 
L * — J Hr 
£,= 0 . 

It is known that at r=a, the H r or normal field value must be 
zero which, as we can infer from equation (13), means 

J n ' (ha)= 0. 


The derivative J„' with respect to r of the Bessel function may 
be obtained from 

^(>*')=£ J* (hr)-J. + i (hr) 
and a few roots of J„’=0 are given in the following table. 


TABLE 


Roots of J„’=0 


m 

* *=l 

1 

w=2 

1 | 

3 83 

1-84 

305 

2 

7 02 

5*33 

6-7| 

3 

1° 17 j 8*54 1 9 97 


Thi corresponding TE waves are referred to as TE n , • TE 
and so on. 0,1 ’ Mg * n 


The equations for /5„„„/c, K, v„ and r, are the same as those 
obtained for TM mode except for the use of r'„,„ in place of 

FIELD CONFIGURATIONS FOR TE„,„ AND TM„„, MODES : 

s , h °" configuration for TE 0 ,, mode. Since 

j fie,d w,ll . be completely normal to the axis of tube 
/.e., along the cross section. 
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Fig. 10. TE W wave field configuration. 

316 IMPOSSIBILITY OF TEM WAVES IN WAVEGUIDES 
(Single Conductor) : 

We know that TE and TM waves propagate within hollow 
metal pipes of rectangular or circular cross section. Each of these 
waves has an axial component of the field, i.e,. TE has H : while 
TM has E- component of fields along the axis-the direction of 
propagation. TEM wave, for which there is no axial component 
either £ or //, can not possibly propagate within a single conduc¬ 
tor waveguide for the reasons explained as follows : 

Suppose a TEM wave exists within a waveguide. The lines of 
magnetic field H must lie in a plane perpendicular to the direction 
of propagation i.e., in the transverse plane. Also in a non-magne- 
tic material, 

V.H=0, 

which requires that the lines of H be closed loops. It means, if a 
TEA/wave exists inside the guide, the lines of//will be closed 
loops in a plane perpendicular to the axis. Further from Maxwell's 

m.m.f. relation 

II dl=J (/wD + J). dS, 

it is obvious that the magnetomotive force around each of these 
closed loops must equal the axial current (conduction or displace¬ 
ment) through the loop. In the case of a “guide" with an inner 
onductor eg ., a coaxial transmission line, the axial current 
through // loops is the conduction current in the inner conductor. 
However, for a hollow waveguide having no inner conductor, this 
axial current must be a displacement current (current arising due 
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to dielectric polarisation). But an axial displacement current 
requires an axial component of £, (D 2 =cE ; ) which is not possible 
in TEM waves and hence TEM wave cannot exist in a single 
conductor. 

Characteristics of TEM 
waves : 

In order to discuss TEM 
waves, it is thus obvious that 
one should consider a ‘guide’ 
with two conductors. For the 
present discussion, let us choose 
two parallel conducting planes. 

We can easily obtain by solving 
Maxwell’s field equations for 
such a ‘guide’, the field compo¬ 
nents of E and H for TE as well 
as for TM waves as stated below* •' H- 

TE waves TM waves 



We should, in above equations; put y=jp for the range of 
frequencies in which wave propagation occurs. We note from 
above field equations that from m— 0, all field components for TE 
wave become zero and therefore the lowest order TE wave is TE M 
wave. But we observe that for m=o. TM wave field components 
are 



»-=C>e^, -J 

e,= i- c*-#\ | 

£,=0 J 

and thus all the field components are not zero and TM 0 o wave is 
possible. We note that when m=0, £.=0 and also for TM wave 
H z =0 and hence with w=0, wc obtain condition for such a wave 


*For two parallel plane plates of infinite dimension in direction, 
the direction of propagation being z, we put djdy= 0, so that the boundary 
condition Ei angf niiai= 0 at .r=0, x=a will be applied to 


± d 2 X 
X dx 2 


- f // 2 =0 


In solution only one constant, h t ( =mnla) will occur. 
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which do not consist H : , as well as E : /celectromagnCcfield.s 
entirely transverse. Such a wave .s called transverse electromag¬ 
netic wave (TEM wave). It is a familiar type of wave propagated 
along all ordinary two conductor transmission lines when operating 
in their low frequency (customary) manner. It is usually called 

a principal wave. 

We note in the case of TM or TE waves for propagation to be 
possible 


or 


For some value of ft may become zero. Let this be then 

,e 2 'ay/(pc) 

oreater than 6 will have some value making 
. possibleh culofT frequency. It depends 

unon a the separation between the planes and thus propagation 
nfliand W? wave requires a condition that is imposed on the 
‘separcHioii IZecn ,be planes. For TEM waves, we pu, « 0 
therefore ^ ^ 

.. k m ,q>K that the cutofT frequencies for TEM wave is zero, 
^ L tEM waves.all frequencies down to zero can propagate 

along the gmde M‘ "Js,propagation at a low frequencies is 
| ine at which rf t wave propagation docs not demand any 
P° s “ t IO he imposed upon the separation between the plates. 
•T we can reduce the distance between the conductors to a 

certain minimum. 

In case of TE and TM waves velocity of propagation along 
the ‘guide' is 

o> w 

n 




OJ 


y/(0J T pC-UJc‘P() 

I 


1 —fc*lP) 

VV-Z'Tf-) 
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At frequencies / > f et at which propagation is possible, wave 
velocity within guide is greater than v 0t the free space velocity. 
For TEM waves/ c =0 and therefore wave velocity is equal to free 
space velocity. It means, unlike TE and TM waves, velocity of 
TEM wave is independent of frequency. 

31 7. TRANSMISSION LINE ANALOGY FOR WAVEGUIDES : 

It can be easily shown that electric and magnetic fields of TE 
and TM waves bear an analogy with those of voltage and current 
on a suitably loaded transmission line. The analogy helps in 
drawing ‘equivalent circuits’ for the waveguides. The concept of 
a waveguide as an ‘equivalent transmission line with a certain 
characteristic impedance and propagation constant helps a lot in 
solving several waveguide problems because with such ‘equivalent 
circuit plot’, one can obtain the solution by means of well-known 
circuit transmission line theory. 

EQUIVALENT CIRCUIT FOR TM WAVES : 

For TM wave, we should substitute //-=0 in the field equa¬ 
tions : 


VxH=/ w «E I 

and V xE»—y'co/iH J ... (b) •••* l) 

Since H : = 0, 

(V xE)..=0 

That is, curl of electric field in x, y plane vanishes and there¬ 
fore E is conservative in this plane. We can then represent E x and 
E y as a gradient of some scalar potential V, />., 


E— dV 1 

'' dy J 




From equation (3) of art. 3T4 we know that, when H z is zero, 

/W dE? 


U _ v 

-n— 


...(3) 


lr Bx 

(1) Current equation : Writing x components of equation 
1 (a) with H : = 0, we get 

dH >- / r 

Putting the value of E x and H y from equations (2) and (3) in 
above equations, we get 

d / jute dE : \ dV 

<)z[ h> ox)-~ JU,( Tx 

The quantity yWE. (as /).=(£.) is the longitudinal displace- 
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raent current density, and l//i 2 has the dimensions of an area* so 
represents a current in z direction and, therefore, above 


equation is 


Cl: . F/ 

S— akK - 


• ••(4) 


(ii) Voltage equation : Writing y component of equation 
1 ( b ), we get 

bE x BE: . .. 

On putting the value of H r from equation (3), we get 

bE, bE; l» : H< bE; 

77 bx~~ Ir bx 

BEx [ ” 2 I“ , \ dE; 

or Tf = Ir '/Bx 


Further 


BV 

so that 

vx 


b I BV\ l w >c _, \ BEx 

\ Ir ) Bx 

K" '&)'’• 


by the arrangement of equation (4). 

The transmission line equations taking the direction of propa¬ 


gation as z, are 


-(tf+yW.) /=-Z/ 

rz 

^=-(C+;<-C) K--JT, 

i ~ 


...( 6 ) 


the necative sign signifies the loss of voltage and current. Compa¬ 
ring equations and (5) with equation (6) we find that the 
series impedance per unit length of the -equivalent line’ is 

Z~jo>n + ll t lj">*. ■■■0) 

and shunt admittance per unit length of‘equivalent line’ is 

Y=jo>i. 


...( 8 ) 
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Jojm, h 2 / JcJ £ _ 


L~ i 


t 


Therefore the equivalent 
transmission line circuit* 
can be shown as in the figure 
12 . 

The cutoff frequency of 
this ‘equivalent circuit’ 
occurs when the series reac¬ 
tance equals zero, i.e. 
jujfM + h 2 ljoj€ =0, i.e., when 

/i 2 =o>V € which is same 
derived in the theory of TM 
waves. 

The characteristic impedance of this ‘equivalent transmission 
line* will be 


Fig. 12. Equivalent transmission 
line circuit representation 
for TM waves 


JU)€ 


z. 


...(9) 

which is equal to the wave impedance of waveguide in TM mode. 
This can be shown as follows : 

The wave impedance which is seen when looking in the direc¬ 
tion of propagation, that is, along z axis is denoted by Z x . From 
the transverse field components of a TM waves in a rectangular 
waveguide, we find that 

£\_ + 1 E,rans- | g 

Hy - //,“ ViHS+H/r I Huan>. I ’ 

on using cq. (13) of art 31*4. 


Therefore, 


>x r 


Z,x=—=Z. 


VIC 


i.e., the wave impedances looking in the z direction are equal and 
may be put equal to Z :t where 

Z E/rans • 

fj 

Ml irons• 

Now we know that for TM case in rectangular waveguide, 

p=(av-/r-) 

= ^(m 2 fi€ — w c 2 n<) 

. 2 i= V(“Vc- o . t V0 =v(/i/c)V(1 _ <i , c , /<tt , ) 

Comparing it with equation (9), we find that 

Z 0 {TM)=Z : 
as has been stated earlier. 

*£ bears a relation to capacitance and /x to inductance. Refer to Art. 
30 9 cq. (5) and (8) C=cbja and L=najb. 
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EQUIVALENT CIRCUIT FOR TE WAVES : 

For TE waves, we should substitute £..=0 in the field equa¬ 
tions : 

VxH=y«*E 1 (a) 

VxE=— joj/iH £ (b) ...()0) 

£.-=0 

(VxH);=0. 

That is, curl of magnetic field in xy plane vanishes and there¬ 
fore H is conservative in this plane. We can then represent H x 
and H y as a gradient of scalar magnetic potential <f>, i.e.. 


and 


Since 




...(H) 


Further, from cq. (3) of art. 314, with F.-=0,wc write 
__ jwH CH; 

Es ~“ h* by -(12) 

Writing x-componcnt of eq. 10 (a) and ;• component of eq. 
10 (b), we get 


and 


JJi’ =jut<Ei 
by t'Z 

* 1 * _0=-yo,,.// r 

cz 


...13(o) 

...13(b) 


(/) Current equation : 

Let us put cqs. (I I) and (12) in eq. 13 (a) to get 

. . nil -• O 


VH: a / W d JL 

W -y z [ Yy) x /,* by 


or 


or 


or 



r ! '" h. 


+ dz 

Ir 


*+_ 

A Hm 


bz 

\ ib r 


b±_ 

bz 

JJL+i w ,\ 
v yw/i / 

( j*»l l ,, 

\ir H ' 


line. 


.. ~ . ...14(0) 

This equation corresponds to current equation of transmission 

/••» Voltacc equation : 

Further, putting cqs. (II) ami (12) in cq. 13 (/>). we get 
Tz \ h* by ) 1 * by 


or 




■14(6) 
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This equation will correspond to the voltage equation of trans¬ 
mission line. 

The quantity has the dimensions of voltage and has 

the dimensions of current,ft so that the equations (14) take the 
form 



which, on comparing with transmission line equation (6), gives 
that 


and 


Z=jw,t 


y=/w+ 


/;* 


' 



Basing on equation 
(16) ‘equivalent transmis¬ 
sion line’ for TE waves 
can be plotted as shown 
in figure 13. 

The cutoff frequency 
of this ‘equivalent circuit’ 
occurs when the shunt 
susceptance equals zero. 
But 


Jut* 



Fig. 13. Equivalent transmission line circuit 
representation for TE waves. 


shunt susceptance 


_I_ 

shunt reactance 


= Y (since no real part in admittance), 
and, therefore, for cutoff frequency, we have 
Y=> 0, 


or 




h 1 


;co/x 


0. 


or h 1 — 

which is same as derived in the theory of TE waves. 

The characteristic impedance of the ‘equivalent transmission 


line* is 


tFrom equation (12) 

d( jiUjlH: \ 8V 

x M * r~~d y 

ff From equation (11) //.*=—since variation of current should 
be associated with magnetic field, <f> has the dimensions of current. 
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_( Jutl )__v' M*) 

\ joj€+/rjjwfi) \/(l—* . .(17) 

which is equal to the wave impedance of the waveguide in TE 
mode as shown below : 

The wave impedance which is seen when looking in the direc¬ 
tion of propagation, that is, along r-direction is denoted by Z 
and is given as ' 


Z : —Z xy — Z vx — 


■Irani' 


H 


Irani' 


But for TE waves (putting £.=-0 in equation (3) of art. 31-4) 
we find that 


7 E x uin 

z '’-nrT' 

on using equations (31) and (30) of art 31-4. 


Therefore, 



_ Wfl 

— wfyt) 


_ VWI< 1 __ 

v/(i — ut c t lut i y 

Comparing with equation (17) we, thus, find that 
Z* (TE)—Z :t 

ie. the characteristic impedance of ‘equivalent transmission line’ 
is equal to the wave impedance for TE waves. 

In the above discussion of ‘equivalent circuit* representation 
we find that a waveguide operating in a particular mode ie TE 
or TM mode can be represented by an ‘equivalent transmission 
line circuit’ which gives 

(a) a characteristic impedance equal to the wave impedance 

(b) same condition for cuto/T frequency, 

(c) identical voltage and current equations. 

31 8. ATTENUATION FACTOR AND Q OF WAVEGUIDES : 

First we shall find out attenuation factor due to imperfect 
conductors in the guide. p 


While dealing with the theory of waveguides we have 
assumed that the walls of the guide are perfectly conductinc so 
that resistance R offered by them is zero and also that diclenri.. 
lossless so that 6 = 0. With these assumptions, a condition was 
obtained that when */ is imaginary, propagation is possible and 
However, whereas the dielectric within the guide may be 
very nearly perfect (hence lossless), guide walls would ccrtainlv 
have some resistance. This means even above cutoff freouenev 
a, the attenuation constant, will have some value and is therefor- 
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not zero. The attenuation factor in the range of propagation is 
given by 

Power lost per unjUength of th e_wajl 
a= ” 2 xPoweTTransmitted 

P lost 

2XP tram• 

In order to determine the 
power lost per unit length of the 
guide, we should first calculate he 
linear current density in the walls. 

If it is | Js |. 

I Js l = l H"*"* I 

so that power lost per unit length 
of the guide is 

Pi«>=i ^ da ' 

. lhp inteoration is taken over the wall surface of unit length 
. an E d r s is the actual suifacc resistance of the wads. 
Let us fake a recungular guide operation in TM mode. For thts 
type, we have shown that 

A sin Bx cos Ay 
H,°=-—nr~ B cos Bx sin Ay 



E,°=-r 7— B sin Bx sin Ay 

ll Z 

Ey°=-T*— A Sin Bx cos Ay 

7 /j- 


In which A=j and B=™. Also at cutoff, 

Now H,° is tangential to plane and its maximum value at 
"Z"* will be^when cos Ay- I. Therefore max,mum value 

of H,° is 

A sin Bx 

Similarly H r ° is tangential to yz plane and its maximum value 
at x=0 or x=a is 

B sin Ay 

With these values of tangential components of magnetic field, 
we can write 



Waveguides 


1223 


P lc „=R s 0' //,-</*+J* Hy -dy j walts/meter of length. 

The factor J being removed by the fact that there are two 
faces acted upon by each field. Thus 

+* £-(¥)*] 

Now we proceed to calculate P ,The power passing any 
point in the guide is 
= * (ExH*). 

(ExHy—EyHx) a 

• s J . B : cos- 5.v sin 2 /!> + ^r- ^ sinS cos ' ^’J 

fatC* 


2/j* 


(5- COS 2 Bx sin 2 4?+4* sin 2 5 a cos 2 /O') 


The total power transmitted may be obtained by integration 
over the cross sectional area of the guide. Thus 

t] ■ (! > 

From equations (I) and (2). wc write the attenuation factor as 


* i'A Puan\> 




2 R>wc lA*a+B-b\ 
fiab iS*+/4*J 
2 Rswf 


(ilr 


iA : lh+B : la\ 


Rsox f/rr wV| 

~W~[ IP + fl 3 J 

/r 4 «*/,>« 


Putting 
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we get 


2 •*/(■£:)•"* mvi 

-fflf'-Y* L T fl3 J 

IW- V- 

\ 2o m ) [ L* £1 

= (1 -/c , // l ) ,, ‘-2/cV L* 3 fl3 J 

r^ + -n 

fcHl-fW- L** + «*J 


where 


y— 


2^ 

1 


vVO 

and ’/“v/WO* 

Therefore we put attenuation factor in the form 

By (he same method altenuation factors for other forms of 
the guide arc : 

Rectangular guide TE m , n mode : 

//»P-\ 2V/ _[71 _ fcmVonHl 

ar *“V\'^r) ' bWO-fSIf'-) LI PI bm-lan'+olb 

+( i 4)(j) 1 ] nepers/m - 


Cylindrical guide TE nym mode : 

* rr= J(iz)^-iw>[(f) 

Cylindrical guide TM„,m mode : 


+ ■ 




W-/I 3 J 


-1 nepers/m. 


These are the expressions from which the attenuatton in the 
guide due to imperfect conductors can be found. 

A plot of attenuation factors as a function of frequency for 

some modes for cylindrical copper guide of I>7 cm. diameter is 

shown in the iig. 15. 

Attenuation factor as function of frequency for a rectangular 
copper waveguide for several modes is plotted in fig. 16. 
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ff?£Q (i* &0AM*ri > 

Pit] |5 . for various modes Fig. 16. Attenuation " 

F,c ' 1 * r, rvimdrical guide copper waveguide for several 


FRenin MC/s 


1 IVI w w- - - — 

of a cylindrical guide 

of 12-7 cm. diameter. 


- 

copper waveguide for several 
modes (a«2*\ I"). 


() OF WAVEGUIDE : „ . 

Q To the attenuation factor a another factor Q called the 

•quality factor' is closely related and is defined as 
1 energy stored per unit length _ 

*G= s " x cncrgy lost per unit length per second 

unil 

transmitted per «cond ^ ^ ^ ^ ^ 

whore o is the group velocity in the vvavegu.de. 

Or energy stored per unit length 


sa — x power transmitted 

v 

0) / power transmitted 
7"\power lost per unit length 


For waveguides, group velocity • and phase velocity r, in the 

guide are related as ^ 

*0 


L - wave velocity in free space. 

where 

Therefore, 

n- ut °‘- 

C '2ar 0 2 _ _ 

—-- r.in.*v With circuit concept 

•AS an ana energy stored 

q^°L^o> energy lost 
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We find 

_<D CO _ fp 

ls P ~~ \/(<o x iie—to 2 cH€ j ~ V(! —w c 2 /" 2 ) 

so that 

0 - 10 _ 

2a v 0 \/(\—<oc 2 l<o*) 

31 9. SINGLE-CONDUCTING-WIRE-WAVEGUIDE : 

Electromagnetic waves can be guided along a bare cylindrical 
metal wire. A surface wave mode field distribution along such a 
wire is shown in fig. 17. According to Gobau, for a bare copper 
wire of 1 m m. radius stretched in air and excited at 3000 mc/s, 
the attenuation is about 
0 023 db per meter and the 
extent of field is such that 75 
percent of transmitted energy 
is conveyed within a circle 
18 cm. in radius. For a wire 
of I cm. radius the attenua¬ 
tion is 0 0026 db per meter 
and the radius of 75 percent 
power circle is 80 cm. The 
attenuation of 0 0026 db per 
meter compares favourably 
with that of rectangular wave¬ 
guide but the extent of field 
is prohibitively large, which 
can be reduced by employing 
a thin layer coating of high 
dielectric constant material 
over the wire. 

31*10. CHOICE OF TYPE OF WAVEGUIDE AND OF 
WAVE-GUIDE DIMENSIONS : 

It is always desired that propagation in a guide be affected by 
dominant mode without the presence of higher order modes, be¬ 
cause dominant mode propagation has the following advantages 
over the higher order mode propagation : 

(0 It has lower power dissipation. 

(//') It requires smaller, lighter, and cheaper guiding struc¬ 
tures at the same excitation frequency. 

(/#/) It requires simple components for coupling power into 
and out of the guide and for impedance matching. 

The presence of higher modes will result in more power 
dissipation, and since coupling device is designed for dominant 
mode, the power transported in higher order modes may not be 
coupled to load. Though the waveguide may be excited in a single 
mode but due to the presence of discontinuties in the conducting 



Fig. 17. Field distribution for sur¬ 
face wave mode. 

+H lines going into the paper 
c // lines coming out of paper. 
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be propagated in both directions from the discontinuity. 

r/rianpiilar waveguide and coaxial lines are 
At microwaves, recian^ way ® ides the discontinues 

frequently employed. '“ £“ on of lhe 8 wave as the wave moves 

change the angle of p - position of coupling probe 

down the guide and ^ rj ^ tion ” difficulty arises in coup- 

Khe energy to ,K*receivE Therefore circular waveguides are 

not so frequently used. 

_ iwirtiv 1000 mc/s the dimensions ol the guide 

for domitrnit^modc^propaganon^ha^to beAqu^ite 

becomesTonvenicn. and economical to use. 

3H1. THE TEM WAVE IN THE COAXIAL LINE : 

(a) Field Equations : 

We te ve fffSS 

Accordingly ft?"all fields to be varying in time and propagating m 

^.direction, wc can write 

H*H° e- r: sinuif 
E=E° e~ v: sin wt 

Then in cylindrical co-ordinates in a non-conducting region. 
Maxwell’s equations are 


1 

I 


> 


1 . c {;- +yH. =jw<E, 

r vv 

<]H:° . no 

-yH,°- ir =j E ‘ 

L -f y£,°= 

r i)<t> 

r»_ ~ —jwlille 

-yE, - tr / 

1 i> ,, r L iS- - 

71} {rEt) ' * 

. i.rirostatic field will be totally radial, £.=0. 
Since the elec 1 wl || be in the form of closed loop 

Similarly the magncticjte^ ^ =() wjlh £;=£<=0 , and 

around the in " . com p 0 ncnts of the field left are £, and //,. 
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Thus 


also 


yHi°=j<i)€E,° 

i <'*•>“« 

yE,° =jwpH 

f=° 

H ;J- y i- e,° 

E° 

Jwp 


From these two equations we can then put 

jw* y 
y 




OJ 2 fl€ 


or 

or y=jfi=juy/{p<) 

which is the same expression as we have obtained for phase cons¬ 
tant p in theory of dissipationless (a=0) transmission line. 
Consequently TEM wave propagation in the coaxial cable can be 
approximated with the propagation on dissipationless open wire 
line. 

In parallel plane guide, we have obtained cutoff frequency by 
putting p =0 and got, 


P ~J[ (y)‘j=o. 


Similarly here cutoff frequency is 

P=j*c/ 0*«)=o 

or f e = 0. 

That means all the frequencies down to zero can be propaga¬ 
ted along the cable by TEM mode. 

(b) Voltage and Current Equations : 

One of the field equations is 

d 


which gives 


5 <"V>- 0 


H 4 °=~, 


where k is not the function of r. Now by Ampere’s law, if i is the 
instantaneous current enclosed by a path and H+ is the corres¬ 
ponding component of instantaneous magnetic field then 


| H dl=i 


Suppose in the inner conductor /=/ and we apply the above 
law to the circumference of the inner conductor then 
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2vaH:=I 


0r H * = 2ira - ’ 

so that comparison of it with 


at r=a will give 


* = i' 


Then the magnetic field intensity interms of inner conductor 
current will be 

a * 0 = *y~~ 

Further from field equation 

yE r ° =jwnH4° t 

On putting the value of y, we get 




"lHS. 

The voltage drop from the inner conductor to the outer con¬ 
ductor of the coaxial line may be written interms of the maximum 
value | V | as 

i v i -f. E ° dr= f. ’ sr dr =’’ J £ L log ' r 

Inserting propagation factor and time function, this value is 


IXL.| 0 g,^e-*sinco/ 


so that 


— = log, — e- ,fiZ sin wi 

bz a 


log, J-1 / I sin 




where 


/=| / | *-'**■' sin w/. 

With this expression for current, we can find 

— jp | / | sin wt 
bz 
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~ I / 1 , b 

Tj L—‘log,— 

' 2n a 

- , b 

’ ,ogr T 

-j2may/( ju) V _ j2nw(V 

7(t) iog ' 4 i °*'v 

In the article ‘Line Parameters’ of transmission line, it has 
already been shown that 

Inserting these values in the expressions for voltage and 
current, we get 

dV i 11 

t = -jM 

dl . ri/ 

and 7z = ~ JwCV 

which are same as we have already derived for a transmission line 
with/?=C ! =0. Thus we get identical voltage and current equa¬ 
tions for the two cases one for TEM mode on coaxial cable and 
the other for the wave on the dissipationless open wire line. The 
characteristic impedance can be calculated as 


Zn~ T* = 


rj log,-*”'*- sin tot 

2 77 fa _ 

| I sin wt 


=t- >°fc r ohms - 
iTT a 


If we put 77 = I 20tt for free space, then 

Z,=^log* ohms. 
iTT a 

=60 log,^- ohms. 

(c) ATTENUATION IN THE COAXIAL LINE : 

We have already mentioned that at r=a, the tangential mag- 
netic field is 

H * 2-na 

and at r=b, (for outer conductor) this value will be changed to 
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u °— LU. 

Therefore current density for inner conductor 

and for outer conductor 

" 2tt6 

Then at some particular point along z- axis, the average power 
entering through the surface of inner conductor will be 

= i IM* 


= waus/me,erC ’ 


where n m and a* correspond to the metal of the conductor. The 
area of surface of inner conductor is 2*a square meters per meter 
of length so that the power supplied to the inner conductor per 
meter of length is 


-mm 


^ * - 

Similarly power supplied to the outer conductor of radius b 
per meter of length is 


r .ILL 2 lists). 
^ '"'"hith >] \2o„. J 


So that the total power lost into the conductors per meter of 
length is 

Pla,l*= P'iou+ 




The power transmitted past a given point in the guide is 

= J (E°x H°*) x 

=\e;h.\ 

Then the power transmitted over the space between the con¬ 
ductors per unit length is 


I WHS*' dr 

=|* 2 nr dr 
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log* — watts. 


Therefore attenuation factor is 

Ptou J\ ^ la A\j + l} Vf 


2 xP 


Irons• 


log,-^ 


nepers/meter, 


which shows that attenuation is proportional to the square root of 
frequency. 

COMPARISON OF WAVEGUIDES AND COAXIAL LINES : 

Waveguides are used for the transmission of radio frequency 
power from one point to another. In radar, they deliver r.f. power 
from transmitter to antenna during the transmission of pulses, ana 
from antenna to the receiver during the reception of echoes. These 
are most suited at frequencies in the microwave region (ultra high 
frequencies). For the transmission of radio frequency power at 
longer wavelengths, large guides would be required which is quite 
inconvenient. 


Advantages of Waveguides : 

1. They arc quite simple in construction and no inner con¬ 
ductor, as in coaxial lines, is needed. 

2 Since the electric and magnetic fields are confined to the 
space within the guides, there is a little loss of power due to radia¬ 
tion . 

3 . Guides are normally filled with air due to which dielectric 
loss is not of any practical importance. 

4. From (2) and (3) points we conclude that overall attenua¬ 
tion of a waveguide is lower. Moreover, the power lost as heat in 
the walls of a standard size waveguide is quite small. 

5 The peak power capacity is greater than that of coaxial 
lines. The maximum peak power than can be transmitted by a 1 
by { in, waveguide is 1 MW. 

Disadvantages of waveguides : 

1. Its use is restricted to higher frequencies. In practice, they 
are seldom employed below 3000 mc/s. The physical size of the 
guide to use below this frequency becomes quite bulky. 

2. Installation of waveguides is much more difficult than 
for other types of transmission lines. Care should be taken in 
soldering sections of the guide. 

3112. RESONANT CAVITIES : 


We have already discussed the use of open and short circuited 
lines as resonant circuits at high frequencies. Waveguides can also 
be used as fixed or tunable resonators. Waveguide resonators are 
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32K? ^ 

m th ( C . ) f0l |°^ n h g av a e SP a eC c l u , ofT frequency below which propagation 

d ° eS ( //) t ‘the phase' velocity of propagation is a Tone,ion of the 
ratio of the frequency to the cut off frequency. 

a - * r" rs £* 

;v,s KuT»'£« sts&S » 

zero at the end wall »»«• ” h bclng measured along the guide 
back along the gu *<**, . f e velocity). If a perfectly conduct- 
wall and hence .nterms fI* A/2 di ', an , from the closure wal 

ing plane is inserted at * ” lhere f, c ld distribution present 

then, electric ,ntens W bc '" e 6 d wa „ * wi || no t be disturbed, the 
between the plane f nd as present between the shorting 

exciting antenna being consKJ^ ^ P ormcd whjch has resonant 
planes. A vdume or ca <y para Ucl resonant circuit since 

properties similar to thosej V (he nccessary standing wave 

?et ?oSns T U Se‘ow«, resonant frequency field configuration 

-re-nds,;"^ dimensions also terminated in 
Since such a cavity J™? s 0 jbility of resonance at other fre- 

COndUC '! n8 dc P pc a ndmg on excitanon and orientation of the cavity, 
quencies, P resonator is governed by such consi- 

The shape °f the e V of rc , onancc frequency, shunt con- 
derations asi the desir d for which they are to be used; 

RESONANT F r£ Q S fiod the resonant frequency of the 

We shall now P r “ cc js a , eclan gular cavity with perfectly 
cavity. We assume^ ' <h djclectriCi an d excited in TE„„ mode. 

TH nd Sdectric fields would be (refer to rectangular wave guide 

re*, mode field equations) : 

Et^pCA cos Bx sin Ay 

P _ CD cos Ay sin Bx e~ lp: 

ly- /,* 


E- 0 
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where 



5=— and h 2 =a) c 2 pc. 


As the guide is closed, the field components present will con¬ 
sist of incident and reflected waves and 


E»=(\+P)E X 

Eys = (Hp)Ey. 

For reflection from perfect conductors. />= — 1 so that for 
reflected wave exponential terra becomes The standing wave 
fields are then 


and 

where 


E Xi —J^~ cos Bx s,n Ay (e~ J ^—e^ z ) 

=AC' cos Bx sin Ay sin Bz 
Eys —■ -BC' cos Ay sin Bx 
= —BC cos Ay sin Bx sin pz 


C 


2ju>yC 

h 2 


Including time variation, the field components are 
Ex»-AC cos Bx sin Ay sin Bz sin mt 
E ys =—BC' cos Ay sin Bx sin B z sin w/ 

0 . 

According to boundary condition 
z= 0, and r=c, E y = 0 
which can be satisfied when 



7! 

a 

c 

Li 


^ c ’ 

where p is an integer and c is the 
dimension of the cavity in the 
z-direction. 

Now in order to find reso¬ 
nant frequency, we shall have to 

calculate the propagation cons- Fig- ,9 - Resonant cavity, 
tant for which equation of propagation E x is to be written. Thus 

V l £x=*-(/+<oV) E ~ 

Now calculating ~ and ~ derivatives of £« and 

substituting in above equation, for the existence of the fields, we 
come to 
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For the fields to propagate in the cavity, y must be imaginary, 

The resonant frequency /, of the cavity is that frequency at 
which ft is zero. Therefore 


or 


or 


'■-* MWHW 


f. 

Depending on the choice of integers m, n and p, a wide variety 
of resonant frequencies arc possible. Because propagation in 
cavity resonators may take place in more than one direction and 
various modes, cavity resonators in general have a large num¬ 
ber of possible modes of resonance. A cavity resonator for a 
specific application may usually be designed and excited m such a 
manner, however, that only one mode of resonance is obtained 
over a limited frequency range. 

The accompanying magnetic field components for TE mode 
in the resonant rectangular cavity can be written as 


, P nC 


COS oil 


H„ - B'-'- - Sin Bx cos Ay cos WA 

C oi/i \ / 

//„--/( P — — COS Bx sin Ay cos cos wf 

y C wp \ c / 

O’ sin (^) 


// =—— cos Bx cos A, 

Ot\i 


COS wl. 


Obviously, if any of the two integers from m, n and p are zero, 
all the field components would become zero. Therefore in their 
choice, only one can be chosen as zero e.g., Tt 0 , mode. 


Q OF THE CAVITV : 

The selectivity of the resonant cavity can be defined interms 
of Q value. We write it as 

energy stored per cycle 
@ = 2rrX C ncrgy lost per cycle 

We know that energy transmitted per second is 
p n '— v x energy stored per unit length 
so that energy stored per unit length = l/r x P„ ani . 

Wc have already shown that 

Power lost per unit length _ Pi oU 
a== 2 Power transmitted ~~2 P lr *ni- 

Phsi=Rs I //*—«• I 2 * 


where 
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In the case of cavity, the tangential component of magnetic 
field at the walls is twice the average value of magnetic field inten¬ 
sity in the cavity volume ; then using the expression of <x and 
making the above account, it can be shown that for rectangular 
cavity 

q_ volume 

area 

// ^/gm \ ftxvolume 
v\F« / area 

Thus at a fixed frequency and in specific mode of excitation, 
6 , is roughly proportional to the ratio of the volume to the sur¬ 
face area. For a specific shape and mode of excitation, on the 
other hand, Q varies as the square root of the frequency. By 
proper design and construction, values of Q in excess of 30,000 
can be obtained in cavity resonators. Thus it is possible, in case of 
cavity resonators, to obtain Q values far above those obtained by 
coils at the lower frequencies. For tuning of such resonators 
movable short circuit plungers are employed. 

NUMERICAL EXAMPLES 

Ex. I. Determine , X K , the guide wavelength for a 3'xl“ guide 
(free space wavelength is 10 cm), when it is operating in the domi¬ 
nant mode TE X , 0 . 

The cut-off wavelength for TE X . 0 mode is 
X c =2a 
=*2x3 inch 

= 2x3x 2 54 cm. = 15*24 cm. 

Given A r = 10 cm. 

Using guide equation. 


'V V A r 2 

_! i 

(I0) 2 ~ (l;-24) 2 

(15-24)2—f 10)* 25-24x5-24 

(1 0) 2 x (15-24)=—< I0; 3 X (15-24)2' 
or , IOx.S-24 

’ (524 x 25-24)' = - 
= 13-25 cm. 

Ex 2. Find the values of critical and guide wavelengths in an 
airfilled rectangular waveguide, with internal dimensions 6 cm X 4cm 
operating in the TM mode with the lowest cut-off frequency, at a 
frequency of 30 Gc/s. J v ’ 

The lowest cut-ofT frequency in TM mode belongs to m=n=\ 
or TM n . Therefore critical wavelength will be given by 

"I# 
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The free space wavelength is 


:6 65 cm. 


or 


or 


or 


\ _£_cm. 

A ° _ / ~30x 10’ 

The guide wavelength can be calculated by using the relation 
A 0 *-A £ ‘ + A f * 

> 1 _L 

*?-v v 

‘ A t s —A,* 

A - - 

* VO-V/V) 

l 


101 cm. 


J14 (■«) J 

No*r*k ~.=l«» 6 .h is >1”" “ ,e - 

"/V jsssass; J*s "22® 

larger than the free space wavelength. 

Free space wavelength is given by 

3x10"' 


Ac 


=-3 cm. 


j - 10 ,u 

a^a-cut^w^h^-^i. 

= 2x1x2-54 cm. 

=5-08 cm. ... 

Since *,>»., propagation °< H" 1 io ,h ‘ ! “° dC “ P ° S! ' 6 "' 

Phase constant is given by 


*4 


Putting 


A« 


^ ?m= JU z WfT 


= 3*717 cm. 
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we get 


<?= 2 3 717 4 =1 ' 69 rad - /cra - 


Ex. 4. Find at what transmission both TE and TM modes are 
possible at an operating frequency of3Gc/s in a hollow rectangular 
waveguide of inner dimensions of 6 cm x 4 cm. Find phase constant , 
phase velocity and group velocity for any mode which can be propa¬ 
gated. 

The cut-off wavelength for both type of modes is given by 

2 


Ac= 


imm“ 


For propagation to be possible, \ c > A 0 where 

3x10'° 


a ° = 7 


3 x 10 5 


- = 10 cm. 


TE mode 

• 


TE lt0 

A,= =2 x 6= 12 cm. 

(It will propagate) 
(It will not propagate) 
(It will not propagate) 

— A'kS pm 

TE>. 0 
TE 0tl 

A c = a=6 cm. 

\ c =2b=2 x 4=8 cm. 

TEu 

2 


[(4)M4)T 

— U UJ t111* 

(It will not propagate) 


Conclusion is that only in TE t , 0 mode propagation is possible. 

For TM mode : We know that in TM case, the modes TM 0ti 
or 7A/,, 0 are not possible. Therefore first mode to be undertaken 
is TM U . For this mode cut off wavelength will be 


Ac 




K4RTJT 

= 6*65 cm. 

Ss'wiH iE?25£ iS n0t P° ssiblc - Obviously, other higher 

this fe m ° de ° f Pr ° PaSat,0n is P° ssib,e - For 



Waveguides 


1239 


A c = 12 cm. 

Also A 0 = 10 cm. 

Guide wavelength is 

. 10 _ 

t_ vir-v/A;*) -1- 

= 181 cm. 


The phase constant is 

2rr 2x3-14 

^“*7“ 18-1 

=0 347 rad./cm. 

Phase and group velocities can be found as follows : 

(Vg) phase —q — — w<*fl€) 


V(m«) T/\\-urluj-) 


v 0 


V(1 -V/Vi 


to 


l-o* 


ft) 


• • 


•d) 


t __ 

W'"' = Tv,),k*« "«>»(V A ») 

... (y ...(2, 

Putting values in cq. (1) and (2) we get 
Phase velocity = <o (V*'o) 

= 3x 10 ,u (^) 

= 5-43 x 10*° cm./sec. 

Group velocity ) 

= 3x10- (^) 

= l - 96x 10*“ cm/sec. 

F „ s ^ 6 Gels signal is to be propagated in the dominant 
, E ..tnnoular waveguide. If its group velocity is 90 percent 
'of‘the ^ree space velocity of light, what must be the breadth of the 
taleguide ? What is wavelength within the guide 
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Given 


=0*9 


and free spase wavelength 

. 3xl0>° - 

A * = ‘6xTo r=5 cm - 

We know that (See Ex. 4) 

Vgr- _ ^0_ 

V 0 A, 

so that wavelength within the guide is 




^4°= 5 ' 55 - 


The cut off wavelength is given by 

J_1_ 

A 0 2 “ A 0 2 “A £ * 

1 1 
"(5) 2 “ (5-55)‘ 

= •04—*0324 
= 0075. 

A f = 11*52 cm. 

Therefore the breadth of the guide is given by 
Ac 1152 


a = y 


= 5'76 cm, 


Ex. 6. A 6 Gels signal is being propagated in a waveguide. The 
breadth of the guide is 6 cm. Calculate the characteristic wave 
impedance of this rectangular waveguide for the first two TE mt0 
modes. 

Refer to art. 31*7, wherewe have obtained an expression of wave 
impedance of waveguide operating in TE mode as given by 

v VW<) _ 120* 

* vTi-ovv~ V(»-A 0 */V) 

Free space wavelength 

. 3x10'° c 

k= t*w =s cm - 

Cut off wavelength 

m m 

<0 Z, for TEu o 

A 0 =5 cm. 
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1207r 120x314 

z,= '' || - ,i,,2,,| 7('-w 

=414 49 ohm. 


(ii) Z r for TE 2 ,o 


2x6 


6 cm. 


Z : 


120x3 14 68[ . 65 ohm _ 


-v/{ 1 —(5/6)®} 

Ex 1 A waveguide lias an internal breadth equal to 4 cm. and 
carries the dominant mode. If the characteristic wave impedance is 
500 ohm. Calculate the frequency. 

Cut off wavelength is 

Ac= 2£ = 2_xJ- = 8 cm . 

in 


or 

or 


Further wave impedance is given by 

l20 JL-- 

z *“ vd-v/V) 

120x314 

500= V(l-V/<>4) 

A 0 =8 X \/(l —0*56791) 
=5 258 cm. 


Therefore corresponding frequency of the wave will be 

-^4^ =5’70x 10 9 c/s 


5-258 


= 5-7 Gc/s. 


Fx. 8. Calculate the eul off wavelength, and the guide wave - 
length of a circular waveguide whose i nler "°j radius is 2 5 cm, and 
operates at 9 Gc/s signal propagating in TM n mode. 

Refer to art. 31*5-1. It is given there in the table that 

T nm = (hd)w * = 3*83 

and cut off wavelength is 

v lira 
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where a is the internal radius of the guide. Therefore for 
TMi i mode, 

2x3*14x2-5 

3-83 

=4*1 cm. 


Guide wavelength is given by 
A - 

r ~V(i-V/V> 

3-33 3 x 10 10 \ 

-JfWfl 1 0,1 

=5 70 cm. 


EXERCISES AND PROBLEMS 

1. Discuss TE and TM wave propagation between two parallel conduct¬ 
ing planes. Obtain expressions for (a) group velocity, (6) cut off 
frequency. 

2. Obtain expression for the attenuation factor in case of TE and TM mode 
propagation between conducting planes and show their variation with 
frequency. 

3. Discuss TE X% 0 mode propagation of the wave in a rectangular guide. 
Obtain field component expressions and sketch the field configuration. 

4. Obtain expressions for TE or TM mode propagation of the wave in 
cylindrical waveguides. 

5. Deduce expression for the attenuation factor in the case of wave propa¬ 
gation within a rectangular guide operating in TM mode. Show that Q 
of the waveguide is 


^ 2ac 0 y/(\—u>f/w 2 ) ' 
where the symbols have their usual meaning. 

6. Let f e be the cut off frequency of the propagating mode inside rectan¬ 
gular waveguide and let /(>/ c ) be the frequency of operation. The 
wavelengths corresponding to /and f e in an unbounded medium having 
the same constituent parameters as that enclosed by the walls of the 
waveguide are denoted by x and x e respectively. Let x„ be the wave¬ 
length inside the guide. Then show that 


A* 2 A c *“A- ' 


7. Discuss how the waveguide section can be used as resonant cavity. 
Obtain the expressions for (a) resonant frequency and ( b) Q of the reso¬ 
nant cavity. 
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8. Discuss the wave propagation along a coaxial line and discuss how the 
attenuation varies with frequency. 

9. Obtain the expressions for the field vectors, cut off wavelength and the 
characteristic wave impedance in the case of TE l0 mode. Explain how 
these waveguides are employed in microwave work. 

10. Show that the propagation of TEM wave is not possible in a single 
conductor wave guide. Discuss the characteristic of TEM wave propa¬ 
gating between two parallel conducting planes. 

11. Give the theory of propagation of microwaves between two parallel 
conducting planes. Considering the TE mo mode, show that cut off wave¬ 
length > e *2 a/ni where a is the separation between the planes. 



ANTENNA 



Transmission line, as discussed previously, is a device to 
transmit radio frequency energy from the transmitter to a radiator 
usually known as ‘antenna*. The transference of energy for radio 
communication is affected by the propagation of electromagnetic 
waves. These waves represent the electrical energy that has escaped 
into the free space from a conductor carrying high frequency 
currents. 

It may be mentioned here that for effective radiation from an 
antenna system frequency used should be high enough because 
power propagated into space by an electromagnetic wave is given 
by the Poynting vector 

P=ExH. 

As we shall show that magnitude of E and H are directly 
proportional to frequency /(or inversely to wavelength A), magni¬ 
tude of energy vector P will be proportional to/*. Hence high 
frequency waves will have high energy content. That is why they 
are useful for long distance communication. In free space though 
all electromagnetic waves, whether of low or high frequency, will 
travel with the velocity of light but they will differ in energy 
content. 

The radio frequency energy corresponding to the intelligence 
to be transmitted, is fed to a transmitting antenna. The r.f. 
currents, as a result of applied r.f. electrical energy, flow along the 
length ot the antenna. A portion of the energy, fed to it, is relea¬ 
sed or radiated into space as electromagnetic waves which then 
travel with the velocity of light. At the receiver, energy is abs¬ 
tracted from the wave by the receiving antenna. The transmission 
and reception of electromagnetic waves used for radio communi¬ 
cation are, therefore, accomplished by radiators and collectors 
exposed in space. These radiators and collectors are named as 
transmitting and receiving antennas respectively. An antenna is 
a device composed of a system of one or more linear conductors, 
the electrical dimensions of which vary from a fraction to several 
wavelength, used to couple a high frequency a. c. generator or 
receiver to space. In this section of the chapter, we shall discuss 
transmission antennas in detail. 

The study of antenna should be divided according to follow¬ 
ing steps : 

(/) How the energy is released from an antenna ? 
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(jj\ what are the factors that concern with the radiation 
efficiency of an antenna (radiation and loss resistances, radiated 
power, mutual coupling, and ground effect etc.) 

(Hi) Design of an antenna system or of an antenna for the use 
at different frequencies and for the purpose of achieving greater 

directivity. 

321. ANTENNA ACTION : 

We have written above that an antenna is a current carrying 
conductor. If we take a length, much smaller than the wavelength 
of the radio frequency wave in operation, of this conductor then it 
is called* a current element. It can be seen that the electric field of 
he alternating current element contains the terms tha correspond 
to the field of an oscillating electric dipole. It is not merely by 
coincidence but we shall show that a current element can. mfact, 
be approximated with an oscillating electric dipole. 

An electric dipole is formed of a pair of charges of equal 
magnitude and of opposite signs as shown in fig. 1 (*)• Its dipole 
moment is p= 9 dl. For oscillating electric dipole we should have 
q—q 0 e 1 -'. Then moment of such a dipole would be 

p = < 7 </l = < 7 „ e lwt d\. 

c.rh an electric dipole whose moment is a sinusoidal function of 
• made un of a pair of conductors of finite capacitance, 

X.es joined by a thin wire of negligible capa¬ 
citance. P The charges will then be situated mostly on the electro- 
des, but can still flow from one to the other. 

qnnnosc/( = /oCos wt) is the current across the clement, 
continuity (or conservation of charge) requires that 
[here be an accumulation of charge at the ends of the element, and 
is given by 

‘li.— f COS tat. 

dt 

That is, charge at one end of the element is increasing and at the 
decreasing by the amount of the current flow (coulombs 
Xr eco d1 C Th,s g r'eq y u,res as if there be charge accumulating 
devices at the two ends of the element, one transferring charge to 
the other Therefore, in order to obtain a physical approximation 
of an isolated current element, one can terminate the current 
in lw0 sm all spheres or discs on which the charge can 
accumulate. If the wire is very thin compared with the radius of 
the spheres then its distributed capacitance would be negligible as 
compared with the capacitance between the spheres, and then the 
current in the wire will be uniform. Also the radii of the spheres 
Should be small compared with dl. and their distance apart We 
find that picture corresponds to that of an oscillating electric 
dipole as discussed above. The current element will look like as 
shown in fig. 1 (o). 
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ofAfioe 

a/sr*tavrrOM 



Fig. 1 (a) Current Fig. 1 (b) Electric dipole. Fig. 1 (e) Fig 1 (d) Current 
clement as an elec-Two opposite and equal chain of and charge distn- 
tric dipole (Her- charges separated by a Hertzian button on a linear 
tzian dipole). small distance. dipoles. antenna. 

A current clement which is not so short, say A/4 long, can be 
thought as made up of a chain of Hertzian dipoles. We note 
that positive charge at one end of one dipole is just cancelled by 

an equal amount of negative charge at the opposite end of the 

adjacent dipole (fig. )c). However, if the current along the an¬ 
tenna is not uniform along its length but is distributed as shown 
in fig. 1 ( d ), then antenna can be represented as a chain of current 

elements or Hertzian dipoles having 
slightly different amplitudes. In this 
case the adjacent charges do not com¬ 
pletely cancel, and there is an accu¬ 
mulation of charge on the surface of 
the wire as shown in fig. 1 (d). 

In fig. 1 (a), we represented 

current element as an electric dipole. 

At high frequencies to which the 
antenna is put, the wire connecting 
the plates will have a certain amount 
of self inductance. Therefore, we 
correctly represent a current clement 
as shown in fig. 1 (e). It is fed by a 
balanced transmission line, as shown. 

It is assumed that the transmission line does not radiate and there¬ 
fore, its presence will be disregarded. Radiation from the end 
plates is also considered to be negligible. Taking this representa¬ 
tion, we shall now proceed to explain as to how the energy is 
released from a current element—the antenna action. 

Now we shall consider what changes in the field occur during 


eta/tvo 




VJU*C£ 


*-9 

Fig 1 (e) Representation of 
anienna system. 
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one cycle of applied c.m.f. and how the electric field is distributed 
around such an aerial.* 



Fig. 2. Release of electromagnetic energy from an antenna system. 

Consider that the cycle starts when the condenser is charged 
to maximum potential difference, so that the upper plate is positive 
with respect to the lower plate. The current in the wire is zero. 
At this instant, the field in the vicinity ofantenna may be regarded 
as purely electric. The lines of this electric stress, connecting the 
positive charge on the upper plate to its opposite number negative 
charge on the lower plate, can be shown as in fig. 2(a). 

After the passage of the moment of maximum potential 
difference, the electrons start to flow upwards, constituting a 
current. The electric field begins to collapse which is obvious from 
the ends of the lines of force coming together along the wire in 
fig. 2 (/;). Due to electric inertia, the current continues to flow 
even after the potential difference across the condenser is reduced to 
zero .t As a result the condenser starts to charge in opposite 
direction. This will set a new electric field between the plates. 
If the initial electric field lags on the changes in the potential which 
causes it , then this new electric field will start to build up before the 
first one has disappeared. As a result, the first disturbance is 
repulsed outward in the form of closed loops by the new electric 
field as shown in fig. 2 ( c) because the lines of force have the same 
direction in the inner surface of initial field and the outer surface 
of the new electric field. 

In addition to the electric field, the changes which arc shown 
in fig 2, we must regard the circuit as being surrounded by rings 
of changing magnetic stress in a direction normal to the direction 
of electric field (space quadrature). The intensity of this magnetic 
stress at any point will vary with the current strength and its 
direction alternates. 

•The analogy can be had easily by ihc mechanism of generation of 
oscillations in parallel LC circuit. 

f y=y o sinwt 

So when V is zero / is not zero. 
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dnr P Jnnf tUd }! 0f ,'I‘ e P roce ss explains that magnetic field is pro¬ 
duced only when the electric field is changing, or in other words 

L7oc C ia?eTw, 8 ,h 0 it m Th' nS f eleC ' r h ‘ C fie,d mUSt have a magnetic field 
loom hlrr,ml h ‘‘ J her efore, the movement of the detached clos'd 

leTfipMc T h C ° nt, ^ ent0n tbe as sociation electric and mag- 
rate^but heir ' eCtnC an „ magne,ic fields can not exist sepi- 
the other Th , , a “ e cond,t, °ns ; .f one is zero, then so must 
field, W U "° T e 1 uadrature between the radiative 

mean thlt S P?“ quadrature is always maintained. This 

Sthoufh «t ri!fhJ V « fi | C dS arC ,D ,hC IitDe phase with each other 

,h ° b t rlg ^‘ an S' es in space as shown in figure 3. It may 
field h, he TJT lh n ', nd , u i tive magnetic field and electrostatic 
r° P /!" el i-Ccircuit are in space quadrature as 
well as in time quadrature with respect to each other. 



Fig. 3. Dislribuiion of field densities with distance along ihe 
direction of propagation 

Fig. 3 also explains the distribution of field intensities with 
distance along the direction of propagation. 

As the direction of current reverses peiodicallv under the 

awheha'i^ allernat 'ng c.m.f., the fields expand and contract, and 
a substantial amount of energy is released as electromagnetic waves. 

If the antenna is fed with radio frequency enerev fcarrier 
wave), then the current will change ihe periodicity several'thousand 
times m a second. This results in effective radiation from antenna 
The waves are polarised vertically if the antenna is veTtfcal wkh 
respect to earth, and horizontally if the antenna is horizontal. 

a nor, ' b r°^ explanation thus gives an idea of the way in which 
fnto sm "• f , he c en K r?V ,S de,ac , hed f rom an antenna and radiated 

ener &y occurs 

on qlamurnfines^ 

oflhcplanctarv cl *? P,ICd f° ^ anlenna circui *. the/the orbits 
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the central nucleus of the atom. Corresponding to each electron 
knocked into a new orbit, a quantum of energy is radiated, which 
then propagates with the velocity of 1 , 86,000 miles/sec. 

32 2. SHORT ELECTRIC DOUBLET : 

A short linear conductor is often called a short doublet*. 
Since any linear antenna can be considered as consisting of a large 
number of very short conductors in series, it will be therefore use¬ 
ful to study first the radiation properties of short conductors. 

(a) Radiative field strength due 
to short doublet: A complete discuss¬ 
ion will be given in art. 32 3. Here 
we shall calculate the radiative mag¬ 
netic field strength at a point P due 
to short doublet. Let the length of 
the doublet be dl, that is short as 
compared with wavelength A. We 
assume that the capacitance associa¬ 
ted with each end of the doublet is 
such that the current through its 
length everywhere has the same 
value I. 

The potential at a point distant 
r from the centre of the doublet can 
be represented in the form 

1 dl sin 0 
(lA -- 



Fig. 4. 


Short doublet length dl 
canying a current /. 


...(I) 


The magnetic field strength due to doublet can be found by 
differentiating (I) with respect to r, i e. % 

,IH=-j f (dA). -( 2 ) 

The current at any instant in the doublet is given by 
/=/„sin o»t. 

Since a disturbance originated at O on the doublet at the time 
/ will arrive at point P at a time r,c seconds later where c is the 
velocity of light, the potential at P can be expressed as 

/,, sin w (t-r/c) dl sin 0 
1 r 

Substituting this value of potential in equation (2), we should 


have 


d r/ 0 sin oi (t—r!c) dl sin 0] 

r \ 

*"sin oi (l—r/c) w cos (/ — r/ 


/ u dl sin 


[ 


0 - 


rc 


4 1 


...(3) 


•A doublet consisis of a length of conductor (antenna) short compared 
with a wavelength, and capacity areas associated with its ends arc so large as 
to keep the current same at every point of the conductor. 
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In equation (3) the first term gives the induction field. This 
term represents the energy stored in the magnetic field surround¬ 
ing the conductor. This energy is alternately stored in the field 
and returned to the source during each half cycle. The induction 
field diminishes as the square of the distance and is only appreci¬ 
able in the vicinity of the conductor. Therefore for transmission 
purposes we do not consider this field. 

The second term, called the radiation field, can be represented 
by the expression 

,///_ Io sin j w cos ( t — r l c ) 

rc 


2 it I 0 dl sin 0 
\r 


cos -in c.g.s. system of units. 


In the above expression current is in ab amperes or in e.m.u. 
while dl , A and rare in centimeters. Expressing current in amperes, 
the radiative magnetic field in e.m.u. is given by the expression, 

, ///= 0 -W/sjn e cos oersted ...(4) 

or in M.K.S. system of units 
7 0 dl sin 0 


dH 


2Ar 


cos to(r—r/c) amp. turn/meter. ...(4a) 


Note that this magnetic field is maximum when current is 
minimum. We have also interpreted in previous article that when 
current is minimum, electrostatic field is maximum. This implies 
that radiative magnetic field, H and electrostatic field, £, both are 
maximum at the >ame instant i.e. no time quadrature. 

The unit may be amp. turn/meter or amp. turn/cm. depend¬ 
ing upon whether dl, A and r are measured in meters or in centi¬ 
meters. 

Associated with this radiative magnetic field, there is an 
equivalent electrostatic field dE in time phase with it. In m.k.s. 
system of units 


dH 


I 0 dl sin 0 
2A r 


cos to(/—r/c) amper turn/meter. 


The corresponding electric field will be 

dE= vW*o) dH =377 dH= 120* dH , 
where /*„ and *„ are the free space permeability and permittivity. 
Then 


, c mn dl sin 0 
dE=\20n -—-cos to(r—r/c) 


2Ar 

60ti7 o dl sin 0 


xcos to(/—r/c) volt./meter ...(5) 


(b) Power Pattern : The plot of power density dP of the field 
as a function of dependent co-ordinates in a particular co-ordinate 
system is termed as radiation pattern of the radiating element. 
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The power density dP=dE dH={dE) z l\20rr [since in m.k.s. system 
dE=\2Q-rT dH J and therefore, a plot of antenna pattern in terms of 
dP will convey the same information as a plot of the magnitude of 
dE. When the radiation is expressed as field strength, E volt per 
meter, the radiation pattern is a field strength pattern. If the 
radiation in a given direction is expressed interms of power per 
unit solid angle, the resulting pattern is a power pattern. A 
power pattern is proportional to the square of the field strength 
pattern. 

Consider that an elemental dipole or doublet is located at the 
centre of a spherical co-ordinate system. Then dP will be the 
function of the co-ordinates r. 0 and <f>. If we want to determine 
power through the surface of a sphere at some fixed distance r, 
then dP will be a function of 0 and <f>. Since dP- dE 2 ! 377, the 
measurement of electric field intensity over the surface of a sphere 
at some fixed distance r will also determine the radiation pattern. 

From equations (4) and (5) it is obvious that dP=dF. dll is a 
function of r and 0 and hence independent of third co-ordinate «/». 
The plot will be as shown in fig. 5. In X7. plane, since 0 varies, 
pattern varies with different values of rand 0 but in >'/ plane, 
pattern is symmetrical since dP is independent of 

Figure 5 represents the radiation pattern of an elementary 
doublet. 




Fig. 5. Directional pattern of doublet Fig. 0. Power calculation 
antenna. radiatedby doublet 

of length (II. 

(c) Radiation resistance and radiated power for short electric 
doublet : The power radiated by a doublet can be calculated by 
assuming it to be placed at the centre of a large sphere, the sur¬ 
face of which will be penetrated continuously by the outgoing 
moving fields. It has been assumed that the doublet is radiating 
as a point source located at the centre O so that it radiates 
uniformly in all directions and there is complete absence of any 
directional field pattern. 

From Poynting’s theorem, the mean energy crossing unit area 
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at a point A, in m.k.s. system of units, is 
—EH watts/sq. metre. 

= 120 tt H 2 watts/sq. metre. 

= I 20tt H 2 watts/sq. cm. 

(provided dl , A and r are in cms.) 
/. Mean rate of energy flow through unit area at A 
= 120* (IP) 

_nn_Y f /o^/Sin geos a>(/— r/c) "] 2 

[ 2Ar J watts/sq. cm. 

In 2 dl 2 sin 2 0 —r 


= 30tt \ tr ; X cos 2 <u(f-r/c) 
=30w ^^xi. 


Some mean rate or flow of total energy or power through 
sphere will be 


= 30*x^l-x 


A*r # 
lO.ntf.dl 2 

w 

40**./ o * 

! A* 


»«r 


2*r 2 sin 3 g Jg 


X 2*r 2 x f 
watts. 


. dp= 40^V dP wa[t , 

If wc substitute the r.m.s. value of current in place of /<, 

which arc related by 

V2 =, " m - 

dpJ^r d - wa« t . 


then 


...( 6 ) 


(d) Radiation Resistance : If the radiation resistance of the 
short doublet antenna is denoted by dR t then power radiated can 
be expressed as 

dP=l 2 r .„ s . dR ...(7) 


Equating eqs. (7) and (8), we find that 
dR-SOn* | ohms. 



The above expression gives the radiation resistance of a short 
doublet antenna. 

If then dR= 7-9 ohms. 

If then dR =0 08 ohm. 
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Thus the radiation resistance of a short doublet is small. In 
developing all the above relations for short doublet it has been 
assumed that A p ill. This made it possible to neglect the phase 
difference of field contribution from different parts of the doublet. 


32 3. RADIATION FROM A CURRENT ELEMENT : 

In art. 32 2 we have discussed it which we arc again taking 
up here. 

Let us consider a thin element of length /. area of cross- 
section da and carrying the current i. Then the magnetic vector 
potential developed at a point distant r from the element will be 

- (l) 

where J is the current density throughout the volume dv, n is free 
space permeability. The total current, /, in the thin element ol 
length dl will be 

i=J da, 

But dv=da dl , 


so that 


or 


di 

i dl~ J dv. 


Therefore from equation (I), we get 


A 


(id/ 

^4 re¬ 



integration of above equation implies that the potentials due 
to various elements of current /' d\ must be summed up. Since the 
velocity of propagation is finite, any disturbance originated at 
current element will reach a point distant r meters from the 
element after r/c seconds, where r is the velocity of light with 
which the electromagnetic radiation propagates. Therefore, if the 
current in clement is sinusoidal i.e.. 


/—/ 0 sin o )t. 


it should be written as 

/=/„ sin w(f—r/c). 

for the reasons stated above. The expression (2) can then be 
expressed as 

Fig. 7 (a) illustrates the clement of current of length dl at the 
origin with spherical co-ordinates r, 0 and 4> ; Though if we follow 
the convention used in art. 32 2, we must write quantities for small 
element of length dl by d\ for magnetic vector potential, dll for 
magnetic field and d E for electric field but here it will complicate 
the analysis and therefore we shall denote them by A, H and E even 
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for short dipole. For such an element, equation (3) in .y-direction 
can be written as 


Ay 


1 0 sin (/— r/c) dl 


4 Ttr 


...(4) 


because it is the direction of current producing vector potential at 
point P distant r from the origin O. 

Calculation of Radiative Magnetic field : Since A is comp- 
Iately along >>-axis, 

A x =A x =0. 

B=/zH=V X A 


so that fiom 
we get 


IlHr 


0 Ay 


cz 


pH y =0 


fll/; 


dAy 

bx 


...(5) 


They give the components of magnetic field. 
From fig. 7 (a) it can be seen that 
r=(x 2 +y i +z 2 )'i t 
x=r sin 0 sin <f> 
v=r cos 0 
z=r sin $ cos <f> 

From equations (4), (5) and (6), we have 

i- 

ft—* x/.sill o»| / — 

lo _ V. ... ^ f __ 


...( 6 ) 


tf 




xcos <u 


x 


V(.X«+J»+2») | 

V(^+/+z , )j 

-J (»/c) 2 


V(*’+>■*+* 

or //* = —sin w (/—r/c)—^ cos (t—r/c) J ...(7) 
Similarly, from equations (4), (5) and (6) we can write 

H:=I ^r\ff sin " ('-'/<■) cos >“ (f—r/c) J ...(8) 

//.v and //.. lie in the same plane, horizontal here, and are 
perpendicular to each other. Angle in this plane is denoted by <f>. 
The only spherical coordinate field component will be //*, given by 
Hfi=H x cos <t>—H, sin 6 (see fig. 7b) ...(9) 

Putting in equations (7) and (8), the value 


*] 
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^-=sin0cos <f> and ^ = sin 6 sin 0 

and then substituting the values of //., and //.- in equation (9), 
we get 

Iodl r*in£co£i sjn w (l _ r/c)+ 0 cos 2 * c0$ 

47t I r- ^ 


sin 0 sin 2 ^ . , . , 

- 7 , -sm w (/—r/c)-f- 


w sin 0 sin 2 


cr 


cos w (/ 


- rle) ] 


or 


/ o J in e dir sin w O-rle) W_ CQS w ( ,_ r/c) ' 
4 tt cr 


The first term represents indurtion field and is not appreciable 
at large distances from the element for it varies as 1/r 2 . For com¬ 
munication over long distance only the second term is important 
and is called radiative magnetic field. Therefore 


7r' coi w ( l ~r,c)- 


...( 10 ) 


y 




Calculation of Radiative Electric Held : The expression lor 
corresponding electric Held can be derived on using Maxwell’s 
field equations with the following conditions : 

(/) Since II, =0, magnetic licld lies purely in the horizontal 
plane. So that 

//„ //,=0 

and only //* exists. 

(//) Field is symmetrical around current element in X7. plane 
(horizontal plane), so that 



Then from Maxwell’s field equations, we can arrive at 
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(H* sin 


and 


e fa = I p 

ct r sin 6|30 




...(H) 

—( 12 ) 


«— mi 

because electric field will be purely in vertical plane by virtue of 
Ho and //, being zero, c is the free space permittivity. 

From equations (10) and (I I), we get 

K)}] 


cr 


COS oj 


or 


ct r sin $ [c0[ 4 tt 
c>E, 2l 0 dl cos 0 w / r \ 

sr-KT - 

Integrating it with respect to time, 

A, di cos 0 sin w (t—r/c) 

2 it€ cr z 


E, 


Since it varies as IV 2 , this corresponds to induction magnetic 
field and is appreciable only in the vicinity of the clement. Thcre- 
ore, lor radiation to be effective at far distances, this field is of 
least importance. Consequently, we neglect 

Further from equation (12), we have 

K)] 



i f r 

/„ dl sin 0 

OJ 


(t 

1 

^ 1 
;*i 

> 


• m ■ • 

cr 

cos OJ 


/„ dl sin 0 

to" 

I 

r \ 

(I 

477< 

• - - sin oj 
c-r 

'-r • 

iiting 

above expression with respect to /, 

j dl sin 0 

COS O/ (/ — 

r o 

“I 


<"'• J ...(13) 

As it \iiiics as i r, A. corresponds to radiative maanetic field and 

“ a PP reclab ’ c ® vcr ,ar ee distances. This can be termed as radio- 
five electric field. 

Intrinsic impedance of space : If u C compare equations (10) 
and (13), we can arrive at the conclusion that there is no time 
quadrature between //, and It,. Of course, they maintain the 
space quadrature. Also 

g*. 1 - 1 //m 

€.\ \/(H() J \ € ) 

120ir ohms 


H t Ct 

and is known as the intrinsic impedance of the free space. Thus 
|>-l20* //# . j 

32’4. THIN LINEAR ANIENNA (Approximate analysis): 

(a) Current and Voltage Distribution : 

A linear antenna, as discussed previously, can be assumed to 
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be made of a large number of very short conductors connected in 
series. 

In fig. (8-1) an aerial having length equal to A/2 is shown. 




fronsmiuion 

Line 


LinearJ 
On ten no 
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Tramminion 

Lint 
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'"Potential 


u 

A 


1 .Gjtren- 


Fig. 8-1. Hertz aerial (half wave dipole) and distribution of potential 

and current in it. 

The two ends of the aerial are at opposite potentials. The 
r.f. energy from the transmitter through transmission line is fed 
at its centre. Such a conductor, supported on insulators so as to 
be away from the ground, will have self inductance and self capa¬ 
citance depending upon its length. At the open ends the current 
wifi be zero /Hr. current nodes exist a. these ends. For antenna to 
be symmetrical and excited in basic mode, the current maximum 
(i.e. antinodc) should exist at its centre The potential and current 

distribution in half wave dipole antenna is shown in fig. (8 I)- 
distribution in vol(a ^ e distributions on open ended long 

antenna wires a re basically similar to the standing waves of 

cu ent and voltage on an open ended two wire transmission 


—•-•A 


-to 

* _ * 

— -s' 




-- 


JL—J- 






1 




=3T 




Ni 

In 


'; 
i 


. Fig. 8-2. O') 

.. „ f 19.1 rase (ii). l : or example, let us consider 

hne. Refer to • c j rcultc <j transmission line (fig. 8*2 (a) J. 
a half wave long p gg , r|jon of , he line so as to 

assumtMhc Tpe'shoto in fig. 8-2 <» Obviously, i, constitutes 
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a half wave antenna fed with quarter wave line. Therefore, voltage 
and current distribution for half wave open circuited transmission 
line will be applicable to a half wave antenna. 

Similarly, we can predict the voltage and current distributions 
on antenna of any length. 

By this analogy, we get only approximate description of 
sinusoidal distributions of voltage and current on the antenna. In 
fact, antenna wires are not equivalent to a uniform transmission 
line because the radiation resistance as well as any actual resis¬ 
tance in the antenna wire results in a small component of current 
that is in phase with the voltage, rather than 90° out of phase 
which happens in case of uniform transmission line. But it has 
been found experimentally that the current distribution is almost 
sinusoidal for linear antennas that are quite thin compared to 
their length. 

(b) Radiation Length (effective length) of Linear Antenna : 
In the previous deductions for short electric doublet, it was assu¬ 
med that current through the doublet is uniform and given by 
/=/o sin iot at time t over the whole length of the doublet. This 
assumption, however, cannot be made for the dipole aerial having 
length /, close to wavelength order, e.g., quarter wave or half wave 
dipole. 

if for a moment we assume that the amplitude of oscillatory 
current is same at all point in the radiating wire (antenna), then 
the expression for the radiative magnetic field H can be written as 

u V sin 0 / r \ 

H —2 ~ cos< “( 


\" I 


t 0 sin 0 I 
2Xr 



The above relation is not true because it is based on the 
assumption that amplitude and phase of oscillatory current is same 
at all points in the antenna which is not the case in practice as 
can be seen from current distribution given in figure 8-1 (c). The 
current distribution from the centre to the upper end may be 
either approximately (</) linear, or(/>) sinusoidal. The effect reduces 
the amount of power radiated and makes the aerial equivalent to a 
shorter one with the same current , ‘The actual length of equivalent 
shorter aerial* may easily be assessed by finding the ‘mean value’ 
of current o'er the length concerned and then expression (1) 
should be written as 

i„i,_k'S±- -m 


C ase (u) Linear distribution of current along the length of 
aerial' It is obvious that the ‘equivalent length' or radiation 

length, will be — because the mean value of current is ^°, i.e. 
puting j in equation (2), 
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\H\= 


l sin 0 

2\r 


jo 

2 


/ 0 sin 0 l 
2\r *2 


/„ sin 0 
= ' 2\r 


•e* 



where l, is the effective length of the antenna. 

Case ( b) When current distribution is sinusoidal : 

Referring to figure (X-l), the current is zero at each end and 
has an instantaneous maximum value at the centre, / 0 . at a time r; 
while the distribution over either half of the antenna length is 

represented by /. sin giving instantaneous current at a 

point distant * from the end; * lies between 0 and j. The mean 
value of this current over half the length of aerial is 




where 

Thus, for this case, 

i//|- 


expression for 

/ sin_0_ 2/y 
2 Ar ’ it 


L sin 0 

sr 


U | can be written as 



where /, = - is the effective length of the aerial. 

IT 

Now on applping the average value of current, we shall show 
that how’the expiessions of power radiated and radiation resis¬ 
tance of doublet antenna can be made to suit the case of an antenna 
with sinusoidal current dish ibution. 

(c) Total power radiated (by the linear anctcnna) : For short 
doublet it was shown that total radiated power is 

M- walls. 

A* 

On the basis of above expression, the total power P radiated 
by doublet of length /, when the current distribution is sinusoidal 

can be obtained by substituting t//= —.the effective length. 
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Therefore, *2^ 


160/ 2 7n 2 


watts. 


Putting /„ in terms of the r.m.s. value of current, we 


should have f= 6 9 /> - 

A 4 


320./ 2 / 2 ,.*,., 


watts. 


..(5) 


(d) Radiation Resistance (of thin linear antenna) : It is the 
resistance which when inserted in series with antenna will consume 
the same amount of power as is actually radiated. Its magnitude 
depends upon the configuration of antenna and upon the point at 
which it is considered as being inserted in the antenna system. We 
always calculate the radiation resistance at a point of current maxi¬ 
mum (at current antinode) at which the antenna may be fed. Radia¬ 
tion resistance R can be expressed as the ratio of the power P t 
radiated by antenna to the current flowing, /.e., 

— •••(«) 
1 r-ttfs • 

From relation (4) it is found to be equal to 



ohms. 


Special Cases : 

(/) For half wave antenna (or half wave dipole) 1= A/2. 

(i)‘=80 ohms.* 


Therefore the transmission 
line required to feed this aerial 
must have characteristic impe¬ 
dance equal to 80 ohms for 
good matching purposes. This 
value is roughly constant for 
A/2 aerial remote from the 
ground. 

Fig. 9 (a) shows radiation Fig. 9. Directional patterns of the 
pattern representing the field radiation from a half wave antenna, 
strength in various directions of an open ended half wave antenna 
in free space. It is obvious that maximum radiation occurrs from 
the centre of the antenna in directions perpendicular to it. The 
complete pattern is of the shape which would be formed if fig. 9(a) 
is revolved about the antenna as axis. If we consider radiation 
pattern in a plane perpendicular to the antenna and passing thro¬ 
ugh its centre, it would be circular as shown in figure 9 (6). 

For precise calculation follow art. 32*5. 
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j> 

D 


A 

7 


f/n For quarter wave antenna (or quarter wave monopole): 
For monopole, we shall have to consider only the upper or lower 
half of the A/2 aerial. The whole aerial is then quarter wavelength 

long and in this case, thus, the radiated power will be half the 

previous value, / e., 

160/ t ,. M .,_ 1 /2 watts 

Since only upper half of dipole is effective, 

/=!• 

2 4 

/=A/2. 

Therefore, P, :l =40r-,. m .,. watts, 

and radiation resistance /?. 4=40 ohms*. 

32 5. THIN LINEAR ANTENNA IN SPACE : 

We shall develop expre- n (\ f\ (X 

ssions for field patterns of 

thin linear antenna The — — —. — 

antenna, under considcra- 1 / 1 / f) X 

lion may be of any length, 1/ V V ‘J 

but it is assumed that the Kg j*/* ^ 3 V 

current distribution is sinu- p |0>( 

soidal . and .transmission line (shown in fig. 101) 
centre by aba anted . ona | ong a ny of the above antennas 

Current »" d the antenna in question 

(fig . 10-1 -^Kitcd transmission line (art 30 3-ii) 
<„ equivalent erigthofopenc ui;lcdb , ine 0 f| e ngth 3A/4. 

Forexample, 3A/2 antenna can u 2* 3 A 6rr _. AO \ 

We find from fig. 10 art. 30-3 that at 270 (^= T T = T -270 ) 
voltage is zero whereas current is maximum. Therefore at feed 
point of 3A/2 antenna voltage will be zero i, 

whereas current will be maximum, and 

at end points current will be zero where \ 

as voltage will be maximum (hg. 1U D- ^ 

(a) Calculation of Radiation Fields : T ) 

The primary aim in discussing antenna z 

system is to calculate the fields radiated 
by it. Once fields are known, it becomes I \ 

quite easy to calculate power and 
radiation resistance. j 

Let us now consider a symmetrical. / 

thin, linear, centre fed antenna of length / 

/, The retarded value of the current at 

any point z on the antenna referred to a_F,g. m2_ 

•For precise calculation sec art. 32*5. 


JV* 

Fig. 10*1 


Fig. 10*2 
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point at a distance s is (fig. 10*2) given by 

'!]=/. sin T(r ±Z ^ ^ •••(*) 

In above equation, function sin j is the form factor 

for the current on the antenna. The expression |j-+z j ,s use< * 

when z < 0 and ^—z j is used when z > 0. By regarding the 

antenna as made up of a series of infinitesimal dipoles of length 
dz , the field of the entire antenna may then be obtained by inte¬ 
grating the fields from all the dipoles making up the antenna. 
fThe far fields dE 9 and dH 4 in mks units, at a distance s from the 
infinitesimal dipole dz are 

• A f 

...(2) 

...(3) 


__ 60tt [7] sin 0 dz ... 
dE 9 =- --volt/meter. 

S ^ n * amp. turn/meter. 


Since E# = 120 tt //*, it will suffice to calculate //,. The value 
of magnetic field H* for the entire antenna is the integral of equa¬ 
tion (3) over the length of the antenna. Thus. 

dH *~ - (4) 

Putting the value of [7] from equation (I) into equation (3) 
and then from equation (4), 

+rr si 4”(r- z )■*'"'•>*}' ■ (5) 

In equation (5), 1 fs affects only the amplitude and hence at a 
large distance it may be regarded as constant. Also at large dis¬ 
tance the difference between s and r can be neglected in its effect 
on the amplitude although its effect on the phase must be consi¬ 
dered. Further from fig. 10*2, 

s—r—z cos 0. ...(6) 

Putting equation (6) into equation (5) and also putting s=r in 
the amplitude factor equation (5) becomes 

Hi = /o S ' n 6 f~ 1|° ; sin y (//2+z).e<'- ; *>' c dz 

+J^ sin y (112—z) el'-' d:J- ...(7) 

fSincc it is vertical antenna, Ewill be vertical and H horizontal. There¬ 
fore. they arc written as £ # and H+. 
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Since p=^=^ equation (7) may be written as 


//,= 


I n sin 0. eM'-r/o 


2\r 


L sin 0 .*M'-*> 


.in *(.£+*).* 

+J ,, *e Ws "“.sin p [f~ z ) dz \ 

I fit cos 0 \ 0/ 


2Ar 




sin : 0 


cos 


_f/o] 

2wr 

where [/„]=/„ e M '“ r/1) - 
Hcnce £*=l20rr//* 


/g/co^j-cos^ 


...( 3 ) 


...(9) 


sin 0 


, amp. turn/mctcr ...(10) 


£#= 


60 (/„! 


cos 


/ /?/ cos 0 j 


2 

sin 0 


cos 


PI 


, volt/meter ...(II) 


Equations (10) and (11) arc the expressions for the far fields, 
//. and £« of a symmetrical, centre fed. thin linear antenna of 
length /. From iqua.ions (10) and (II). we can draw the field 
patterns for the antenna concerned. 

(b) Field Patterns for particular cases : 

(/) Half wavelength antenna : When /=A/2, the pattern factor 
becomes 

cos (n 2 cos 0 ) ,j 2 ) 

^' sin 0 

This pattern in vertical plane is shown in tig. HH. It is only 
slightly more directional than the pattern ol an mftn.tes.mal or 
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short dipole which given by sin 9. The beamwidth between half 
power points of A/2 antenna is 78° as compared to 90° for the 
short dipole. 

In horizontal plane 0=n/ 2, form factor is unity, so that 
pattern is circular. 

(//) Full wave antenna : When /=A, the pattern factor becomes 


E,= 


COS (tt COS fl)+l 

sin 9 


- (13) 


This pattern is shown in fig. 10 4. This is in vertical plane. 
For horizontal plane 0=90°, we find that form factor is unity 


so that 



E(<f>) 


60 1 0 
r 


This pattern is circular in horizontal plane. 



Fig 10-5. p i«- 10 - 6 

(///) 3/2 wavelength antenna : When /=3A/2, the pattern factor 

E,= cos ( 3 " /2 -, COS *> • ...(14) 


The pattern in vertical plane is represented in fig. (10*5). For 
horizontal plane 0 =tt/ 2 so that form factor is unity and pattern is 
circular. 

(c) Calculation of power radiated and radiation resistance : 

Suppose the antenna is located at the centre of spherical co¬ 
ordinate system. Then the average power radiated through a 
small surface element of areal r 2 sin0 d9 d<f> will be 
dP= \EeH*r 2 sin 9 d9 d<f> watts/sec.* 

= } x 120 tt H*H 4 r* sin 9 d9 d<f> 

= 60tt H^r 1 sin 9 d9 d<f>. _ 

fSince J J r 2 sin 9 d9 d<f>= 2 J 2n r 2 sin 9 d9. 

wc can also take a ring area over a spherical surface as used in the case of 
doublet antenna art. 32-1 (c). 

•Factor A occurs due to the average over one cycle for c a> (I—r/c 

factor, J has been put. 
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Therefore, total power radiated into space will be 

P= 60ir^” H t 2 r- sin 6 d6 df. 

Putting value of H from equation (10), we find 

f / pi cos 0 \ pn 

l cos (—2— )- C0S =rJ 


p= 


15/n 2 c 2 * i” 


r 


30/ o 2 


i: 


sin 0 
fit cos 0 
2 _ 

sin 0 
PI cos 0 


dO d<t 




f I pi cos 0 \ pi > 

r cos —2~r cos 5- 

= 60 / 2 f . m .,. ± --- —1 - Lid 

Jo sin 0 


R r = 6 oj’ 


. a do. 

o sin 0 

This is the expression for the power radiated by an antenna of 

any length /. We can make it particular by specifying the value of /. 

Therefore, the corresponding radiation resistance will be 

f Ip/cos0\ pn 2 

[ C0S (^~2 )- cos f-J 

o sin 8 dB ■ - (15) 

This is the general expression for the radiation resistance of 
any length / of antenna. For a particular case let us take first : 

(a) Half wave antenna : 

For half wave antenna /=A/2, 

rn [ cos (^r~ cos 0 )-cos A /2 V 

COS’ (j cos 0 ) 

= 60 -^--5- 1 dO 

Jo sin 0 

—60 x 1*22^73 ohms. 

Therefore power radiated is 

P=RI 2 r m.|. = 73 

=36*57 0 *. 

(A) Quarter wave antenna : We know that equation (15) is fit 
or the calculation of R, at feed point which is also point of 
current maximum. 

nor,k U t 'JL WC ,n P 7 U ',A / , =A/4 ^ k equa , tio 1 n (15). then, the case corres- 
rnwm Th rg V 7 (b) ,n wh,c /’ at recd P° lnt current » not maxi- 

n™.i™ h pf;t r p»"So““w b, ‘'" ,hl ,al ”*■ rro " 

ran ,h,°nr Ver ' t0 . apply il 10 Ihe case of quarter wave antenna wc 
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current is maximum at the feed point. The power radiated will be 
half of the power radiated by half wave antenna, so that, 

T ipl cos 0 \ PIJ 

1“ ( E -5— 


s '= 3 °r- 

Let us put //2=A/4, so that 

f" cos 2 (\tt cos 6) 
«'- 30 \ o sine 


de. 


R,= 30x122 
= 36*6 ohms. 



s 

\ 

* 

\ 



/ 


4 


Fig. 10*7. 

32 6. CURRENT DISTRIBUTION ON RESONANT AND NON¬ 
RESONANT ANTENNA: 


When both incident and reflected waves exist on an antenna, 
it is said to be resonant one. Therefore, the current on the antenna 
will be expressed as a sum of incident and reflected components. 
For example, 

/= I Q e* ip: +I 0 e- Jp: 

=2/ 0 cos Pz 

or /= —I 0 e~ Jpz 

=jl 0 sin pz, 
where /5=2 tt/A=w/c. 

This means current distribution for resonant type of antenna 
can be expressed by sine or cosine functions. In art. 32 5, we have 
discussed a resonant antenna. 

If the antenna is top loaded such that incident wave is com¬ 
pletely absorbed />., no reflected wave exists on the antenna then 
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it is said to be nonresonant. Obviously, current on such an 
antenna can be expressed by 

I=J 0 e-x* 

only. This is also called antenna with progressive wave. 

NON-RESONANT ANTENNA : 

We shall calculate the power radiated and radiation resistance 
of non-resonant antenna of any length. Let us consider a non¬ 
resonant antenna of length 2/ shown in 
fig. 11. The current distribution may 
be represented by 

! / I-/.T*. 

so that 7=| / | 

e-M'-r/o. 

The radiative magnetic field at any 
point P distant s meters from an ele¬ 
ment of length dz is given by 

dH.J dzi ' n0 



2\s 

he-**’ dz sin 0 
2As 




-l 


Fig. 11. 


amp. turn/meter. 

In amplitude term, we can replace s by r, but in phase term, 
we shall have to put s=r—z cos 0, 

dhU 

Therefore tl 
antenna will be 


he-H* dz sin 0 

p h 

{/ — (r — z cos 0)/c} 

2Ar 

e 

• 

; magnetic field at 

point P due to the whole 

f ¥l dz sin 0 

jm {t—(r — z cos 9)/c> 

J-i 2Ar 

/„('° sin 0 


* 104 (/z 

2Ar 

J., £ 

/ oe M/-r/c) sin o 

2 Xr 

n* 

-y^d-co. # ) j 2 

si n # 

2 

sin {p/ (1 — cos 0)} 

2Xr 


(1—COS0) 


r— -(I) 


/ of M/-r/«) s in 0 sin {pi (1 -cos 0)} 

2wr * (1— cos 0) 

Therefore, corresponding electrostatic field is 
E% = 1 20tt H+ — TfHi 

sin 0 sin ^H-cos 0) } 

2nr (1-cos 0) 

Power radiated in watts/unit arca/sec. averaced over 
cycle will be 


...( 2 ) 

one 
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,_v!l r«! 

’ “8ttV 2 ' L 


p a :=\E*H* 

tjI 0 2 psin 9 sin {0/(1-cos 0)} J 
" 4n 2 r 2 |_ (1-COS 0) J' 

in which factor J appears because of the average of e y *t'" f / c ) taken 
over one cycle. 

Therefore, power through an element of area r 2 sin 9 dO d<f> 
will be 

sin 8 sip {/?/ (1 —cos 0)} *|* , g ^ 

(1 —cos 9) J 

Then the total power radiated into space by the resonant 
antenna will be 

_ f 2w r ill f sin 6 sin {/3/ (I —cos 0)} 

"’“Jo Jo 8wV 2 L (1-cos 0) 

_lH_ f" sin 3 9 sin- {/?/ (1 —cos 0)} .. 

” An Jo (I—cos 0) 2 

Let us put 

1—cos 9=u, 

sin 2 0=u (2— u) and sin 9 d9=du. 


-Jr’si 


sin 0 d9 d<f> 


so that 
Then 


—— sin* fitudu 

-€i &-') s=s p !! l * 

^[4j; n - c ° s 2m du 


+ 


p—cs2ff «) d g 


vV 


~ 4n 

lV 

An 

v=2 plu. 


. J sin 2plu \ 2 f 4,,/ 1—cos v 

-M"--2/»7—Wo —r~ 

sin^/’^J-cosv^ 


° '-' + -4 0f-t 


in which 

Special Case : For half wave antenna 2/=A/2. Power radiated 
is given by 


A/* 


_ 2 vr_ 

- 4n[ 


2fS\/2 
1+0+2-4377 | 
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=^-X 1-4377 
4tt 




0719 


0-719 


7T 


Therefore, radiation resistance of half wave antenna is 


-0-719 

77 

1207 TX0-7 I9 

IT 

= 86-3 ohms. 

and is greater than that for half wave'resonant antenna (73 ohms). 

The ratio of the power radiated by the actual antenna, under 
consideration, to the power radiated by an isotropic radiator, 
called directive gain, G pt 
is shown in fig. 12. The 
plot shows that G pt is not 
symmetrical about 0=7r/2 
(note that it is symmetri¬ 
cal in case of resonant A/2 
antenna). We can, there¬ 
fore, conclude that a A/2 
antenna with progressive 
current distribution tends 
to concentrate the power 
in the directions close to 
the direction of progression of current along the antenna. 

32 7-1. EFFECT OF GROUND : IMAGE ANTENNAS : 

In all previous discussions it has been assumed that antenna 
was remote from ground. When the antenna is grounded or un¬ 
grounded but close to earth, its directional characteristics are 
altered, since energy radiated towards the earth is reflected and 
thus the total field in any direction will be vector sum of direct 
and reflected waves. For the purpose of analysis it is convenient to 
regard the reflected radiation as coming from an ‘image* antenna 
located below the surface of earth as shown in fig. 13. 

If we give a physical configuration to this fictitious antenna 
length equivalent to the mirror image of actual antenna, then the 
radiation characteristics of the equivalent system resemble with 
those of actual system. The approximation involved in such a 
process is the assumption that the earth is a perfect reflector and 
absorbs no energy. The direction of current flow is such that the 
vertical component of the current in the image is in the same dir¬ 
ection as the vertical component of the current in the correspond¬ 
ing parts of the actual antenna, while the horizontal component of 
the current of the two are in opposite directions as shown in fig. 14. 


Z 



Fig. 12. 
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Fig. 13. Figure illustrating concept Fig. 14. Relation of actual antenna 
of image antenna. and image antenna currents. 

32 7-2. FIELD AT A POINT ABOVE THE SURFACE OF 
EARTH DUE TO HORIZONTAL AND VERTICAL 
ANTENNAS CLOSE TO EARTH : 

(i) Ground affected horizontal antenna : Let AA represent a 
horizontal antenna of length 

/ and located at a height h *- i _ M 

above the ground. An A __ A ' /^\ 

image an'enna BB' (fig. 15) f 

should definitely be accoun- \ 

ted at a depth equal to 

height h and having the | 

same length as that of act- 

ual antenna. It should be 

pointed out here that in ^ 

this case, the current in 1 , 

actual and in image anten- B--- _ ^3 

"? S ^'L b ! LI 0 ! 0U, f 0f Fi *- '5- Horizontal antenna close to 
phase (shown by waveform ground 

representation in the figure). 

l or a point above the earth radiations from actual antenna 
will reach sooner as compared to image antenna or simpiy radia¬ 
tions from BB' lag to those from AA '. 

Let us calculate the field at a point P due to antenna AA' and 
its image antenna BB'. Let <t> be the angle which the point P makes 
with a line perpendicular to antennas and 0 that with horizontal. 
Obviously <£=90 °—0 (fig. 16). 

The path difference between the radiations from A A' and BB' 
will be 2 h cos </> or phase difference equal to ^.2// cos <f>. Further¬ 


Fig. 15. Horizontal antenna close to 
ground. 


more, let the phase difference between radiations frora,’two antennas 
due to the currents flowing in them be p (this is equal to 180° in 
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Fig. 16. Field calculations for ground affected horizontal antenna, 
this ease). Thus total phase difference is, 

27/ cos <f >. 


Also, if Ea represents the field at P due 
to antenna A A' and E B that due to antenna 
BB\ the phase difference between the two 
being a, the total field at P is 


+E b * 


+ 2 E a E b cos 


K- 


27/ cos <l> 


If Ea-Eb, resultant field at 



=* E * J |2 + 2cos^+^-cos 

= V2.Ea y|l+cOs2^ + ^./i cos^j| 

— •J1.E a J^2 cos*( j- + -h cos *))• 

=2£^cos^+y./icos *). 

Since p= 180°, total field at P is 

cos </>\ 


=2E a cos 


(»+? j 



Fig. 17. (a) Resultant field 
duo to E a & E 0 . 
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=—2 Ea sin 


=— 2 Ea sin 


[^p-cos (90—9) J 

)' 


( 


2 nh 

T" 


sin 0 


which shows that the field is proportional to 2 sin ^-^-sin 0 J- 

Let us consider a half wave antenna, located half wavelength 
above the ground, then /= JA, 

h=\K 

and take 0=30°. 

Putting in the equation for field, 
we get the total field value equal 
to its maximum value 2 E A . With 
different values of 0 , wc can easily 
calculate the corresponding mag¬ 
nitude of field strength. The data 
obtained are plotted in fig. 17 (6) 
to obtain the polar diagram of 
this antenna. 



~9o° O 

Fig. 17. (6) Polar diagram for half 
wave antenoa. 


(ii) Ground affected vertical antenna : In fig. 18, A A' repre¬ 
sents the vertical aerial and its image is shown by BB\ The 
currents in the two antennas are in the same phase. We shall cal¬ 
culate the field at point P due to this vertical antenna. 

Total phase difference in this case 

2tt 

a=—. 2 Ii cos <f>, since p= 0, 


Total field at P 


Jfa+E B *+2E A B B cos (y .2h cos 
J2E a J\ 1+cos (y*cos 


if E a =E b . 



(a) Antenna representation. (/>) Field calculations. 

Fig. 18. Ground affected vertical antenna representation and field 

calculation. 
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=2E a cos (?f 
= 2Ea cos 


cos j 


sin 0 


With different values of A and 0 , polar diagrams of the field 
radiated in space can be sketched. In next article, we shall dis¬ 
cuss it in detail. 

32 8. SHORT VERTICAL GROUNDED ANTENNA : 

(a) Field Distribution: The field 
distribution around a vertical antenna 
may be obtained by determining the 
strength of the field at any point P due 
to the current in an elementary length 
dx and integrating over the length of 
the antenna. We assume the current 
distribution to be sinusoidal and the 
antenna to be operated at a wavelength 
below its natural wavelength as shown 
in figure 19. Current can be expressed 
as: 

/=| / | 

where the amplitude of the current | / | at height x above the 
earth will be 



p* 


Fi. 


19. Grounded vertical 
antenna and its current 
distribution. 


. 2n(l—z) 

|/|=/ 0 sin —:-. 


...(la) 


For z=0, | 1 1 =lb. 
so that 


. 2 nl 


/„ = /,, sin — 


or 


Therefore /=//, sin 


, / . 2 nl 

= / 7 s,n T* 

2ir(/-r)/. 2 nl 

/ sm T 


...(lb) 


where /„ is maximum value of current or amplitude at an antinode 
and //, is maximum value of current or amplitude at the base of 
the antenna. Equations (la)and (lb) both arc equally well for the 
purpose of analysis ; the latter merely expresses current at any 
length interim of base current of the antenna. 

With some substitutions for current and distance values in 

the radiative magnetic field equation for short electric doublet, we 

can write that the strength of the radiative magnetic field, in 

m.k.s, system, due to this so chosen clement of length dx will be 

dz sin 0 . 2n (/— z) . 

-sin —\ 


jhJ° 


2V, 


V>. 


...( 2 ) 
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We assume that for distant point P , r, r\ and r 2 are parallel 
lines. In equation (2) l/r x affects only the amplitude and hence 
at a large distance it may be regarded as constant. Also at a large 
distance the difference between r x and r can be neglected in its 
effect on the amplitude although its effect on the phase must be 
considered. Further from figure 19, 

rx=r- z cos 0. 


Therefore 

-m 

Assuming the earth to be perfectly conducting, the reflection 
from the ground may be taken into account by adding to equation 
(3) the radiation of a similar element located below the earth 
surface at a distance z . The total field at P due to both these 
elements will be 


cU, J* ^f -g-.sin 

l\r A 


. I . r+z cos 0 \ 
exp. /- - -J 


. / r—z cos OY\ 

+exp. t ---jj 

/„ dz sin fl_ sin 2” (/-£). co$ /u>£_cos0\ 

A r A \ c J 


V/zsm0_ eM ,. r/c) . tin 2j L (^) cos 
A ,r A 


2rrZ COS 0 


...(4) 


Therefore , the field due to whole grounded antenna will be 
given by 


H 


L sin 0 


A/* 


eM'-'/o J sin p (/—z).cos (pz cos 0).dz 


h sin 0 , t) [cos (/?/ cos fl)-cos pi) 

- ■ ■ 


H= . /o [cos (/?/cos 0)—cos /3/] eM'-r/O ...(5) 

iwr sin t/ 

Therefore, the strength of electrostatic field in volt/metcr will 
be given by 

or £= ■ - 60/ “ — [cos (/3/ cos 0)—cos /3/] 
r sin 

or | £ |= 6( y° -r [cos (0/ cos 0)-cos pi] .-(6) 

From the above relation the value of electric field in different 
directions for different antenna lengths can he found. For example 
the amplitude | £ | at a point on earth's surface for quarter wave 
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antenna will be 


F , _60/ o . 
^90 l»/4 ~~Z » 


also I £ 9o |a/ 2 = 


1207 , 


...(7) 


(b) Field pattern; distribution of radiated energy m vertical 
plane ; The distribution of radiated energy in the verticalplane 
will be proportional to the square of | E \ and is shown in <»b- 20 
for various ratios of the antenna lengih to the operatin e 
length. 




Fig. 20. Vertical field intensity patterns for vertical antenna. 

When the height of the antenna is increased beyond quarter 
wavelength, the pattern lends to be flatten and a greater ncia 
intensity occurs along the ground. 

If angle 0 is measured from the ground then equation (6) lor 
electric field will be 

60/ o | cos (pi sin 0)-cos fil\ (8) 

I L I ' r cos 0 

At various angles, the distribution of energy is represented in 
fig. 20. It is obvious that at —=--0 7$, a secondary lobe appears at 

/ 

high angles and thus the energy splits in two portions. At j - 10, 

the primary lobe disappears completely and the maximum energy 
is now directed along a line at 54 above the horizontal. It can 

be seen that for / > I. the two lobes again appear. 

A 

(c) Calculation of Radiated Power and Radiation Resistance : 
As has been pointed out earlier, once the radiation hclds are cal- 
cuiated, expressions for power radiated and radiation resistance 
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are atonce at hand. Quite obviously, grounded aerial will radiate 
through a hemisphere. By Pointing’s theorem, the power crossing 
unit area in M.K.S., system of units, is given by 

=£. H. watts/sec. 

Since E=\20nH t 

power crossing per unit area is 

= \20nH 2 

Therefore power crossing surface of ring assumed on the 
hemisphere will be 

\20nH 2 .2nr 2 sin $ dO. 


Thus the total power radiated through the hemisphere is 

/ > =240ir* sin 8 dB, 

which is the actual power radiated by the antenna. 

Now substituting the value of H from equation (5), the 
general expression for the power radiated by an antenna of any 
length / is 

/*=240n : g [cos (0/cos 5)—cos m 2 

xcos 2 o) (t—r/c)-r 2 sin 0 dO 
V " 1 ; t fcos (0/ COS fl)-eos 0 / J» 

* Jo Sind 

where for cos 2 w (/—r/c), the factor J has been substituted for the 
reasons explained earlier. Therefore 

[cos (0/ COS 8) cos 0/]* 

Jo sin 0 

/*=(0 r [C0S {pl C0S 9) - CO -^-‘- ] \d8 watts. 

Jo sin & 

...(9) 

The expression for radiation resistance thus becomes 
P 


r’ms- 


cr\ ( n/2 f cos (# cos 0)—cos 0 / 1 2 . /|A . 

= 60 --—- r—z -— dO ohms. ...(10) 

Jo sin 0 

Equations (9) and (10) can easily be applied to the particular 
case. For quarter wave antenna l=\j 4, so that 


f »/2 cos ’ 

£>/ 4=60 

Jo 


(r ose ) 


o sin 0 
= 60x0-6095 
=36-57 ohms. 




...(H) 


MARCONI AERIAL : 


In order to provide a convenient erection, which is not possible 
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with dipole A/2 aerial (Hertz aerial) if the wavelength were several 
hundred meters, Marconi 
introduced the A/4 vertical aerial 
of which one end was earthed. 

Since earth is assumed to be 
perfect conductor, the lower 
end of Marconi aerial is thus 
connected to a large conductor. 

This aerial is, therefore, fed 
from the transmitter so as to 
provide a current anti-node 
and potential node at the base; 
and with current node and 
potential antinode at the open 
top as shown in fig. 21. If we 
compare it with half wave Hertz Fig. 21. Marconi aerial 
aerial, then the approximate resonant wavelength will be equal to 
4/, where / is the actual antenna length. The aerial is also called 
as ‘A/4 aerial.' 

Due to ground effect, we consider the presence of image 
antenna below the surface of earth as shown in figure 21. The 
Marconi aerial, therefore, can be considered as equivalent to half 
wave dipole. This dipole, i.e., the aerial and its image, radiates 
through a hemisphere with earth’s surface as dimensional plane 
and not through a sphere as in the case of dipole proper. 

Refer to equation (11) of art. 32 8, in which radiation resis¬ 
tance of quarter wave antenna is shown to be 

/*i/ 4=36-57 ohms 

and / > i/ 4 = 36 ‘ 57 . watts. 

It shows that Marconi aerial must be fed by a transmission 
live having characteristic impedance almost equal to 37 ohms. 
In practice, earth is not a perfect conductor, therefore the power 
radiated by the aerial will depend upon the nature of the soil 
around the aerial base. 

32 9. FIELD STRENGTH AT A POINT CLOSE TO THE 

ANTENNA WITHIN THE RANGE OF DIRECT RAY : 


CtA+ent 
distribution 


\^Potential 
distribution 



We have shown previously that the radiative magnetic field 
due to antenna of length / is given by 


,, / sin 0 

"= -2Ar c0s " 


— / sin 0 

7T 


// = 


2Xr 

IJ, sin 0 
2Ar 


COS OJ 


COS OJ 


K) 

K> 

K). 


where /«•=—• 

rr 


Considering only the amplitude part of this expression and 
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since the factor ‘sin O' expresses the distribufion of energy in 
vertical plane, for direct ray 0=90° ; we find 

In r.m.s. value the electric field E (amplitude) is related to 
| H | by the expression 

c E 120* | H | 

5= V2=~ V2 

or g=I20<rx^^ 

- Ar * W 

which /, m . s . ( = W 2 ) denotes the current in the transmitting 
antenna. 

We have introduced the concept of effective length over 
which the current is constant and if this is /«. for an earthed A/4 
aerial, the effect of the ‘image’ is to introduce a radiator of appa¬ 
rent length 2/,. The factor 2 is based on the assumption that earth 
is a perfect conductor, / e. ground absorption is negligible. There¬ 
fore, putting ?/, instead of l c in above expression, we get 

6 = Jt volls/meier, ...(3) 

where A, l e and r arc in meters. 

Equation (3) gives an important relation which is widely used 
for the calculation of approximate field strength at distances 
extending upto 200 to 300 miles from the transmitting antenna. 
The above expression can be expressed as 

6 — — ^ i volts/meter. ...(4) 

This field strength can be expressed in terms of power as 
follows : 

For all the rays to be parallel to ground (sin 5=1 or 5=90°), 
antenna should be quite short. Therefore, we can take this to be 
a case of short vertical grounded antenna. The power due to 
short doublet is 


dP 


40* 2 / o 2 / 2 

A 2 


watts. 


Applying this relation to short vertical aerial, we get 
p- 40**7 V* 

40* 2 (^?) 2 / 2 

or _ _ V 77 L 

A 2 “ ' 

because current distribution on the antenna is sinusoidal. 


Thus 
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P 


40n-I 0 l e 2 

A* 




where l,= — 

IT 

In case of ground antenna, the effective height will be twice 
of l ft so that 


40nV o H2l e )- 

A 2 


160tt 2 / o 2 /, 2 
A 2 

320n 2 m t //- 
A 2 


This is the power radiated through a sphere at the centre of 
which an antenna of length 2/, is placed. But because a grounded 
antenna radiates through hemisphere, power radiated by it will be 
half of above value /.e., 

/>- l60 " a/ * t '—' l L - w „». ...(5, 


Therefore, 

/ 120 * 4 ^ I, \ 
6* \ Xr \ 
‘ P 160ir 2 /* f m //• 
A 2 



c 949 y/P 

«!> =- 

r 


volts/mctcr, 



in which P is in watts and r is in meters. 

NUMERICAL EXAMPLES 

Ex. I. What would he the field strength at 30 km. away from 
a transmitting station of 25 kilo watts power ? 

c 9*49^(25.10 3 ) 

3(06* 

=316.10-V(250) 

= 47 96.10* 3 volts/mctcr 
= 47 96 millivolts/meter. 

Ex. 2. Find the effective height of an aerial given that a field 
strength of 15 mV/meter is produced at a distance of 50 kilometers 
by the transmitter operating at 150 kc./s. with an aerial current of 
25 amperes. 

From equation (4). the field strength is given by 

6 = 377 /, vo , |/meter> 

where A, r and ! e are in meters and current in amperes. It is given 
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that 


5=1*5.10-* volt/meter 
= 15.10~ 4 V./m., 

, c 3*10® 


n 150.10 3 

r =50.10* meters, 

25 amperes. 

The effective length will be 

, 5 A r 

4= , 77 -meters 

15.10“ 4 .2.10 3 .50.10* 


2.10 3 meters, 


377x25 

6000 ICO , 

= 377 - = 15*9 meters. 

Ex. 3. A transmitting aerial operating at a wavelength of 500 
meters has an effective height of 75 meter and the aerial current is 
100 amperes. What is the field strength at a distance of 200 km ? 
The field strength is given by 
377 I r . m .«. L 


5 = 


V/m 


A.r 

377x100x75 

~~ 500 x 200 x I O’ 5 028 V,m - 

Ex. 4. A short vertical grounded antenna is designed to radiate 
at 1 meis. If the effective height of the aerial is 30 meters , what 
would be its radiation resistance ? 

It has been shown that for short vertical grounded aerial, 

I60.77*/ 2 , /* 


A* 


- watts 


and the radiation is expressed by the relation of the form 

P~ /2 p 

Therefore, required radiation resistance is 
D _ 160**/,- 
* -V— 

where /, and A are in the same units. 

c 3.10 8 


It has been given that A 


and 


n ~ 10 e 
4=30 meters. 


=3.10 2 meters 


Therefore 


d _160.(3-14) 2 .(30) 2 .... . 

R ~ (300)2- =15 8 ohms - 


32 10. TOTAL EFFECTIVE RESISTANCE AND EFFICIENCY 
OF AN ANTENNA : 

In addition to the radiated energy, energy may also be con- 
sumed by an antenna system as a result of loss resistance. Thus 
tne enective total resistance of antenna is made up of two parts : 
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(1) radiation resistance (/?), 

(2) loss resistance ( Rl )■ 

Since we require better radiation characteristics ofan antenna 
system, it is desired that loss resistance should be as small as 
possible. This loss resistance is made up of the following compo¬ 
nents : 

(/) loss in inferior dielectrics, 

(//') brushing losses, 

(///') l 2 R losses in antenna and ground circuits. 

(iv) loss by eddy current in neighbouring conductors, 

(v) loss in earth connection, 

(W) loss by leakage over insulation. 

From the study of all these losses, it has been found that with 
a given aerial and a given current : 

(a) resistance corresponding to dielectric absorption losses, 
leakage and brushing decreases as frequency increases and can be 
considered as inversely proportional to the latter. 

( b ) resistance, corresponding to conductor losses in the 
aerial and earth system and to eddy current losses, increases as 
frequency increases and can be taken as proportional to the square 
root of frequency. 

(c) It is obvious from the 
expression deduced previously 
for radiation resistance that it 
varies directly as the square of 
the frequency. 

Fig. 22 represents the 
variation of total aerial resis¬ 
tance with frequency. 

Thus the total resistance 
component of antenna impe¬ 
dance is (R\Rj.). This total 
resistance determines the 
amount of energy that must be Fig. 22. Variation of total antenna 
supplied to the antenna to pro- resistance, 

ducea given current at the point to which the resistance is referred. 

The efficiency of an aerial depends upon the ratio of the power 
radiated to the power supplied. The power radiated is determined 
interms of radiation resistance (7?), while the total resistance 
{R-\-R,) determines the power supplied, with a given aerial. If >, 
denotes the cllicicncy of the aerial, then 

R 

'' R+Rl' 

Thus the eftieiency of an aerial represents the fraction of the 
total energy supplied to the antenna which is converted into 
effective radiation from the antenna. 
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Ex. 1. Suppose we want to calculate the efficiency of a 
grounded aerial , operating at 500 kc/s and having a total resistance 
of 12 ohms with effective height of 30 metres. 

Since for the calculation of frequency we require radiation 
resistance, it is given by 

R= 160*2 ^*=1580 

For short vertical grounded aerial, it is given that 
£■=30 metres 
3 10 10 

A =5W= 6 °° me,reS - 



Therefore 


R=1580x 


30x30 

600x600 


ohms=3'95 ohms, 


Efficiency is thus ,=^y=-329=32-9%. 

Ex. 2. A low frequency transmitting aerial has a radiation 
resistance of 0‘5 ohm and total loss resistance of 2 5 ohms. If the 
current fed into the aerial is 100 amperes , calculate the radiated 
power , the power input and antenna efficiency. 


Power radiated 
Power input 


Aerial efficiency = 


= RI 2 = 0-5x100* 

= 5000IV 

=/-(/?+*t)= 10 4 x3 
= 30,000 IE 

Power radiated 5000 


or aerial efficiency 


Power input 30,000 
= 16 7 % 

R 05 _0-5 

" 3 


x 100 


32 II. 


R+R L 0-5+2-5 
=0167= 16*7%, 

DIRECTIVE GAIN : 


A radiating system composed of several spaced radiators is 
termed as an antenno array. These arrays, at high frequencies, are 
employed to achieve greater directive gain. The total field deve¬ 
loped by an antenna array at a distant point will be the vector 
sum of the fields produced by the individual antenna of the array. 
In order to obtain the greater radiation in the desired direction, 
antennas of the array are excited in proper phase. 


DIRECTIVE GAIN : 

Case I : When actual and reference antennas are fed with diffe¬ 
rent powers , but developing the same field strength at the points 
under consideration. 

Let us first explain what we mean by the term ‘gain’ of an 
antenna array. The term ‘gain' applied to an antenna system is a 
measure of directivity of the antenna field pattern as compared with 
some standard antenna which is normally taken as an isotropic 
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radiator, />., an antenna radiating energy uniformly in all 
directions. Quantitatively, gain is the ratio of power that must be 
supplied to the standard antenna to deliver a particular field 
strength in the desired direction to the power that must be suppli¬ 
ed to the actual antenna system so as to obtain the same field 
strength in the same direction. The directive gain can be expressed 
either as a power ratio or in terms of the equivalent number of 
decibels. 

Assume n spaced aerials, each with current I and radiation 
resistance R, the phasing and spacing being such that in some 
direction reinforcement occurs, giving a field strength n times 
that from one aerial alone. If we neglect the effect of mutual coup¬ 
ling between aerials, then total power radiated by the array will be 

P H -n.RlK 

Optimum field strength produced is 

E n = K(n/)t 

where A* is a constant, Rl 2 and K1 represent the power radiated 
and field produced by one array clement respectively. 

In order to produce a field strength of value E„ using one ele¬ 
ment only, it is necessary to use an aerial current / 0 which is n 
times that in one clement of array ; but in that case the power 
radiated by a single equivalent aerial is given by 
/> 0 = / 0 2* = („/)* R t 

which is greater than P n . Hence 

P n R (;i/) 2 

array improvement factor =y = ■ = n - 


If the array improvement factor is expressed in decibels, it is 
usually called the gain of array, i.e. 

Array gain C=I0 log 10 ( P 0 /P n ) dbs. ...(1) 

The maximum directive gain. G max . is termed as the directivity , 
D, of an array. Since we specify particular direction in which the 
array radiates the maximum power, we need not mention the 
angles 0, <f> with directivity or in other words it is a constant. 

We can proceed to calculate the directive gain in case of short 
electric doublet. For short electric doublet, total power radiated 
into space is 


4Qn 2 /„* dl 2 
Xr 


watts. 


The electric field strength is given by 


dE = 


60 tt/ o sin 0 dl 


Xr 


-.cos oj ( t-r/c). 


UE\ = 60n, °f S ' ne =KIo, 


where 


K 


60 n dl sin 0 
Xr 


-.( 2 ) 

...( 3 ) 
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If we take the isotropic radiator, E should not involve either 0 
or (f> because radiation in every direction is uniform. Therefore, for 
isotropic radiator, we take 

d E= *M±£ cos a, (r—f/c). 

Obviously, electrostatic fields radiated by doublet and isotropic 
radiators have been taken to be equal to satisfy the definition of 
directive gain. 

The power radiated by the isotropic radiator is then 

dF 2 

dP=\dE.dH =»J. watts/sq. meter 

or total power radiated into space 

dF 2 

-xk Mr ' wa,,s - 


or 




60tt 2 l 2 dl 2 
A* 


watts. 


...(4) 


From equations (2) and (4), we write 


3JL_i.< 

Pn 4 

Therefore the directive gain of short doublet antenna, on using 
equation (1), is 

(7=10 logio 1*5 

= \'15db. •••(5) 

Since G is a constant, equal to 1*75, it can be termed as directi¬ 
vity of doublet antenna. 

Similarly, to compute the directivity of half-wave dipole, we 
note that power radiated by it is 

P n = 36-51 0 2 watts, ...(6) 

and the field strength is 

r /pi cos o \ cos pr 1 

, _2i.|!!±4=t=r I 


sin0 J 

For isotropic radiator E must be independent of 0 and conse¬ 
quently 

£__<>2/o cos a, (/— r /c ), 

so that total power radiated by an isotropic radiator is 

wa,ts 

•Factor i appears for the average of cos* «(f—r/c). 
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=60/ o 2 watts. ...(7) 

Applying equation (1), directive gain is found to be 


C=IO, og* 0 3W 

= 10 logjol'6 

= 2-15 db. ...(8) 

which can also be called as 4 Directivity' of a half-wave dipole. 

From equations (5) and (8), we note that the maximum direc¬ 
tive gain of a half wave dipole is only 0 4 db greater than for a 
short electric doublet. 

Ex. 1. A transmitter is fed with 100 W of power and produces 
the same field strength at a given point as a M2 dipole fed with 
200k W of power. Calculate the gain of the aerial (a) relative to A/2 
dipole , ( b) relative to an isotropic radiator. 

(a) Gain of aerial relative to A/2 dipole 


= 10 Iog 10 db. 

1A , 200x10’ 

“ 0 08,0 100 xIO 3 
= 10x0-301=3 01 db 


(b) We have shown that A/2 dipole is 215 db more direction¬ 
al than isotropic radiator. Therefore gain of the aerial relative to 
isotropic radiator 

= 2-15 + 3-01 
= 5 16 db 

Ex 2. To produce a power density of T2 mll/nr in a given 
direction, at a distance of 2 0 km, an antenna radiates a total of 
200W. An isotropic antenna would have to radiate 2500W to pro - 
duce the same power density at that distance. What, in decibels, is 
the directive gain of the practical antenna ? 

Directive gain of practical antenna can be calculated by using 
the ratio 

Power radiated hyjsotropi^ antenna 
Power radiated by the practical antenna 
, 2500 
200 


Therefore directive gain of practical antenna is given by 


6’= 10 logio 


2500 

200 


= 10 Iog 10 12-5 
= 10-97 db 
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Case II. When standard actual antennas are fed with the 
same power but developing different strengths at the point under 
consideration : 

Refer to art. 32*13 in which gain in field intensity G f (<f>) has 
been calculated by taking two antennas fed with same powei. 

Suppose the actual antenna system, consisting n elements and 
each element carrying a current /, is fed with power P , so that 

P n =n.RP , 

where R is the radiation resistance of each element. 

Then we take the standard antenna fed with the same power 
and having the same radiation resistance, so that current in stand¬ 
ard antenna should be 

/o -R R 
n t RI 2 
R 

=nl 2 . 

Therefore l 0 =y/n.I. -(9) 

Then the field developed at a point due to the actual antenna 
systems having n elements fed with power P„, and each element 
carrying current / will be 

E„=n (KI). •••( 10 ) 

As the field due to standard antenna at the same point will be 

E 0 =KI 0 =Ky/n.l. -(H) 

Therefore array improvement factor from equations (10) and 

(ID is 



so that power gain is 

£ 2 

G p (<t>) = 10 logio n= 10 logio 

= 10 log,, ~ ...(12) 

for the system fed with same power. Compare equation (12) with 
equation (1). We can, for the present case, define the gain in field 
intensity as follows : 

Field at a point due to actual antenna system 

_ fed with power P (say) _ 

6 / (?)— Field at the same point due to standard antenna 

system fed with the same power P 


= 20 log,of 2 - 

to 
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POWER GAIN : 

While defining directive gain, no account of losses due to 
ohmic heating, r.f. heating, mismatched antenna etc. has been 
taken. The only consideration was that of radiation patttern. 
Therefore to include these losses which lower the antenna efficincy, 
we define another term called power gain, denoted by A P . It is 
defined as 

Maximum radiation intensit y from actuaI antenna 

ApWS Radiation intensity from (lossless) isotropic source with 

same power input. 

= r/G, 

where rj is the radiation efficiency of the actual antenna and O' is 
the directive gain. 

The directive gain is always greater than the power gain and 
is significant for coverage, accuracy or resolution considerations. 

Ex. 1. An antenna has a radiation resistance of 72 ohms , a loss 
resistance of 10 ohms , and a power gain of 15. What is its direc¬ 
tivity ? 

The efficiency, is given by 

R _ 72 

V -R+R l 72-1-10 
=0 878 


Therefore directive 


gain is 

V 


15 

0-878 


= 1708. 


32 12. LINEAR ARRAYS OF n ISOTROPIC SOURCES OF 
EQUAL AMPLITUDE AM) SPACING : 

In the case of clcmcntry dipole, wc note that very little direc¬ 
tivity is achieved. Maximum radiation takes place at right angles 
to the axis which falls off relatively slowly as the polar angle 
decreases towards zero. Further, although wc find that half-wave 
dipole achieves a somewhat greater concentration of energy in the 
direction normal to the axis, its pattern docs not diller substan¬ 
tially from that of the elementary dipole. Also, resonant wire 
antennas of lengths greater than A/2, while producing more com¬ 
plicated patterns, do not result in highly directive patterns. There¬ 
fore one way in which greater directive patterns may be achieved 
is by the use of an array of dipole (for other) antennas. The 
resultant pattern due to such an array is the superposition of field 
contributions from each constituent clement. 

For fig. 2 shows a linear array composed of n isotropic point 
sources of equal amplitude and spacing, where n is an positive 
integer. The total field E, at a large distance, in the direction </> is 
given by 
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E=\+e»+e*»+e*»...+e*^ 1 » t ...(1) 

whetc 0 is the total phase difference in the fields from any two 
adjacent sources and .is given by 

0=?~-cos <p+8=dr cos 0-f 5, where dr=^-, 

and S is the phase difference of adjacent sources due to currents 
flowing in them. It has been assumed that the amplitudes of the 



Fig. 23. Arrangement of linear array of n isotropic point sources, 
fields from the sources are all equal and * 

taken as unity. Source 1 has been taken 
as the phase centre so that the field from 
source 2 is advanced in phase by 0, the 
field from source 3 is advanced by 20, etc. 

Multiplying (1) by e 1 *, we get 
Ee»me»-\ f ..+e"#. ...(2) 

Subtracting(2)from (I) and dividing 
by (1—*'*), we arrive at 


£= 


I-<?'«* 


l-e* 

ch *!2 [ £+'«•*/*_ 

e» - [e» *-<•-* 2 J 


= it s in njif2 _ si n »0/2 / 
sin 0/2 sin 0/2 / — 
where value of £ is given by 


. m—1 , 




and is refered to the field from source I. 

If the phase is referred to the centre 
point of the array, say at point 3 of the 
array as shown in fig. 24, then equation 

< 3 > ■■•<’> 

since £=0. 


Fig. 24. The top figure 
refers to the case when 
phase is taken with refe¬ 
rence to the origin at one 
end of the array; whereas 
bottom figure refers to the 
case when phase is referred 
to the centre of the array. 
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When 0=0 equation (5) becomes indeterminate, so that for 
this case £ must be obtained as the limit of (5) as 0 approaches 


zero, 

rnp n 

Lim Lim C ° S 2 x 2 

i,e ‘ «/»-> 0 L ip -*0 0 1 

cos f xy 



This is the maximum value of the field which £ can attain 
because when fields from all the sources meet in the same phase, 
phase difference between them is zero (0=0), and the resultant 
field is maximum in that direction, />., 


- mox • 


n. 


Hence, the normalised value of the total field would be 

_£_1 sin (rupi 2) 

“ n sin (ipl2) 


E n = 


...(7) 




The maximum value which £„ can attain is unity because 
then the field £ will assume its maximum value. 

To illustrate some of the properties of linear arrays equation 
(7) will now be applied to following special cases : 


Case I. Broad side array (sources in phase): 

When sources arc of same amplitude and phase, 5=0, and 
,p=dr cos *p. •••W 


For 0=0, <p=(2K+ I)y where A'-O, 1, 2, 3,...; 

The field is therefore maximum when 

i . 3t t 
- and y 

Thus the field is maximum in a direction normal to the array. 
This conditian, which is characterised by inpliase sources (5=0), 
results in a ‘broad side' type of array. 

Example : Now we shall sketch the pattern of a broadside 
array of four inphase isotropic point sources of equal amplitude. 
The spacing between sources is taken to be half wavelength, i.e., 

d= A/2 and /i=4 


Thus 


d cos <P=7T cos </». 

A 


Now we shall determine the field strength variation : 
(a) Maximum field direction 

1 sin mp/2 _ 1 sin ( 2 n cos <p) 
n= n sin 0/2 4 sin (Jw cos 0) 


=cos^y cos 0jcos(7T cos 0) 
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or 

and 


For E n to be maximum, E should 
be equal to E maX . That is E a =l, or 

cos (y cos ^ ) C0S ^ C0S 1 

C0S (f cos *) = 1 

cos (tt cos 0 )= 1 . 

Both conditions are satisfied 
when 

0 -=( 2 *+l)|, 

where K= 0, 1, 2, 3,... 

( 6 ) To obtain secondary maxi¬ 
mum field strength lobe, we put 

lr» 

—~=0. This results in following 
directions: 

*=42°, (*±42°). 



Fig. 25. Field pattern (Broad 
side array) for w=4, d- x/2. 


(c) For field strength to be minimum, we must put 
E n =0 


or 


or 


cos |y cos 0 j =0, 

W , TT 

2 cos ^=2 ' 

0 = 


E„=cos ^ COS 0 j COS (»r cos 0)=O 


or cos (tt cos 0)=O. 


or n cos 0 =—» 

giving *=(* 7 - 5 -)' 

where tf=0, 2, 4, 

0 =—60°, 120°, 240°. 


giving 

where K= 0, 1, 2, 3, 

0=0, 180°, 360°, 

Now on the basis of above analysis of field strength, the 
pattern can be drawn as shown in the figure 25. 

Case 2. Ordinary end- 
fire array : 

An array in which the 
maximum field direction 
is along the array, i.e. in a 
direction of 0 = 0 , is called 
end fire array. For this we 
substitute the conditions 
0 = 0 , 0 = 0 , into 

0 = - A — cos 0 + 6 , 
i.e. 0 —dr cos 0°+5, 

&=—dr. •••(9) Fig. 26. The field pattern of ordinary end 

We, thus, conclude fire array for n=4, d= x/ 2 , 5 =-k. 
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that for an end fire array, the phase between sources is retarded 
progressively by the same amount as the spacing between sources in 
radians. 

Example : The field pattern of an end fire array of four 
isotropic point sources with spacing A/2 and 5= —v is sketched in 
figure 26. The maximum and minimum values of the field are 
calculated as in previous case i.e. 

For n =4. 

d=-\/2 t So (cos <£— 1). 

b=—TT. 

T1 f - 1 sin 2 n (cos ^-1 ) 

Therefore E n =j —-- 

q sin |*(cos ^ —1) 

= COS J (COS <l> - 1 ) COS IT (cos 1). 

(а) For E n maximum, 

COS ^ (COS <£—l) cos n (cos I)=I, 

which gives <£—0, 2 n,... 

(б) For £„, minimum, £* =0 

or cos j (cos <f>— 1) cos v (cos </>-1 )=0, 

either cos \ (cos «£—1)=0 

, . . . rr 3n 

which gives V*”* 

or COS rr (cos <£—1) = 0, 

which gives 4 , 60°, 120°, 240°. 

(c) The conditions for secondary lobes can be obtained on 

putting -J; -0. 

The same shape of the pattern is obtained in this case if 

</—A/2, 

n=4. 

This pattern as shown in fig. 26 is bidirectional. If the 
spacing is less than A/2, the maximum radiation is in the direction 
•£=0, when b=—dr and in the direction </>=l 80° when $r=-f</ r . 

Case 3. End Ore array with increased directivity : 

Hansen Woodyard predicted that a large directivity may be 
achieved by increasing the phase change between sources, so that 
8 = -{dr+n/n) ...(10) 
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and is referred as the condition for increased directivity. Thus 
for the phase difference of the fields at a large distance, we have 

4 >=dr (cos <f> 1) ...(11) 


Example : The field pattern 
of an endfire array of four iso¬ 
tropic point sources for this case 
is illustrated in fig. 27. The 
spacing between the sources is 
A/2 and thus 8=-5n/4. The 
conditions for the array pattern 
being, thus, the same as in pre¬ 
vious case of ordinary end fire 
array except that the phase diffe¬ 
rence is increased by n/4. This 
additional phase difference 
yields considerably sharper lobe Fig. 27. Endfire array field pattern 
in the direction of 0. with increased directivity for 

The large value of spacing d=\/2 t n=4 t 8=-5n/4. 

results in too great a range in ifi due to which back lobes in this 
case are excessively large. If the spacing is reduced then | ^ | can 
be restricted in its range to a value of n/n at ^=0 and a value in 
the vicinity of n at *£ = 180°. Due to this restriction, increase in 
directivity because of additional phase difference, can be realised. 

BEAMWIDTH OF MAIN LOBE : 



(a) Broad side array : 

Consider a lobe having first null 
direction defined by the angle <f> 0 . If 0 
is complementary angle of which 
defines the null direction, then 20 gives 
the bcamwidth of lobe concerned 
(fig. 28). 

Null direction of any array of n 
isotropic radiators of equal amplitude 
and phase occurs when 



Fig. 27. Bcamwidth of main 
lobe of broad side array. 


En = o 


that is 


sin (nipf2) 
sin (*/2) 


or 


sin (//*/./2)=0, 



since 


. 2 nd , 2nd . 
0 =-^—cos 4 > 0 =-j- sin 0 . 


Putting in equation (1), we get 


sin 
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n l 2nd sin 0 \ 

21 —*— r Kn ’ 


where K= 1, 2, 3. 


For first null direction K=\ ; therefore 


• a 

sin d=—.> 
nd 


or 0=sin _1 A /nd. 


So the beamwidth will be given by 20=2 sin -1 (A /nd). ...(2) 

When the spacing is large, A /nd will be small and eq. (2) can 
be written as 

20 =2\/nd. 

If it is given that d= A/2, n=10, then the required beamwidth 
will be 

m - 2 *Io73-!- 0 - 4 - 

(b) End fire array : 

For end fire array the prinicpal maximum is at 0 = 0, and the 
first null is at 0=0 O . Further for end fire array, 


with 


</» = “- cos <£+ 5 , 
* 2 nd 


• ••(3) 


. 2 nd , , ,v 

0 = — (cos <1- 1 ). 


so that 0--T- (cos 0-1). ...(4) 

From equation (I), wc note that for null direction, 
sin (!*)-0. 

or where K=\, 2, 3.(5) 

From equations (4) and (5), we find that 


2nd tmX ■> 2K ” 

— (COS^-l)=- 


// 


or 


. 2 0 A K 

sin 2 7 r = ~—. 
2 2nd 


or $=2 sin- ) 

For first null direction 0=0 O and K=], we find 

*°= 2 sin " 7 (^) 

so that beamwidth of main lobe will be 

- • //A \ 
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When the spacing is large, will be small, so that 

gives the beamwidth of main lobe for the long end fire array. 

32 13. CONTINUOUS ARRAYS : 

Continuous arrays of point sources consist of an infinite num¬ 
ber of sources separated by infinitesimal distances. We shall derive 
an expression for the radiation field 
for such an array consisting point 
sources of uniform amplitude and 
of the same phase (/ e. broadside 
case). 

Let the array be of length a 
and is parallel to y-axis with its 
centre at the origin, fig. 29 (a). 

The field developed by an infini¬ 
tesimal length dy of the array at a 
distant point P in a direction 6 will 
be 

*dE=— e M, ~ rtlc) dy. 

fl 



± dy 

n 


2 n 


on putting —=-—==0 ; A is a constant involving amplitude. 

C A 

Therefore, the total field at the point P will be an integral 
taken over the entire length of array, i.e. 


cor. ± e j (w ,-f Jr,) 

J-o/i r x 


Referring to the fig. 29 ( 0 ), 
ri=r —y sin 0, 

so that 


f+-/= a J{wt-P(r-y sin«)} , 
J—/*(r—rsin 0) 


•We have seen that in the case of current clement 

60tt/ o dl cos 0 . , x 

dE= -^- cos a>(/—r/c). 

cos S instead of sin 0 has been written because in this particular article 9 is 
not being measured from the line of array, unlike to current element case. 


So 


dE=— eM'-r/O dl. 
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When r is sufficiently large as compared to length a of the 
array, we can keep simple r in the amplitude term, i.e. 

E=i ali ± e jPy Sin *dv 

J-a/2 T 

j(u)t—pr) W* 


A 

= — e 
r 


r**/* 

J —aft 


e jPySin$ dy. 


Putting A'= 


Ae 


j(wt pr) 


and integrating, we get 


2A' 


e jPa sin 0/2 __^—jpa sin 0/2 


P sin 0 ' 
2A' 


P sin 6 


sin 


^pa sin B j 


Let 0'=/fo sin 0—a f sin 0 , where a, — pa—2nal\ which is array 
length in radians. Then 


2 A' 


sin 07 2 . 


P sin 0 

Putting 07<j for p sin 0, we get 
E=aA ' 

For maximum value of E, fields from all the elements of the 
array must reach in the same phase at the point P i.e. for 
•// should be taken as zero. Since expression for E assumes in¬ 
determinate form for 0 '=O, we write that 

E — £ — n y cos ^ 

Lim0-> Q~ tma *— aA j 

= aA'. 


Therefore, 

Pnormull:eU : 


E sin 072 
E„axr 072 ’ 


...( 1 ) 


which gives the radiation field of a continuous broad side array of 
length a, having uniform phase and amplitude. 

For n discrete, equally spaced sources, we have shown pre¬ 
viously that 

P _ 1 sin ;i 0/2 

n n sin 0/2 * •••( 2 ) 

w ^ crc 0 = </r cos 0+5. (For inphase sources, 5 = 0.) 

Figure of discrete point sources is shown in fig. 29 ( b ). If we 
compare fig. 29 (b) with fig. 29 (a), we find that 

0=W 2 + 0 , 
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...(3) 


because <f> is the angle measured from Y 
the line of the array. Therefore p 

ifi=dr cos (n/ 2 -\- 0 ) ^ 

= —dr sin 0 s' 

= — Bd sin 0. x 

When 0 is small enough (which IX, \ , . , , 

is the case when 0, d are small) we 2 5 4 s 6 

can write equation (2) as pig. 29 (6). 

_ sin 7,^/2 Si ° ( g ^ L ^) 
nf/2 “ Pnd sin 0 
2 

Now </ is the distance between two adjacent sources and 
there are n sources in all, then the length of the array will be 

a={n— 1 ) d 

when n 1 i.e. number of sources is infinitely large, so that 

a & nd, 

and then equation (3) becomes 

9 §a sin 6 
2 

sin *72 
~ 072 f 

which is identical with the value of E n obtained in equation (1) 
for the continuous array. Thus we have established that field 
pattern for an array of many discrete sources (w > 1) and for small 
values of 0 is the same as the field pattern of a continuous array 
of the same length. Further we note that 0' and 0 both assume 
small values for small values of 0. In broadside array case, beam- 

width of main lobe 20=^- will be small if array is sufficiently 

long, i.e. when nd > A. This means when array is long, 0 will be 
small which will result in small value of p and hence assumption 
made for equation (3) is justified, or in otherwords, the charac¬ 
teristics of the pattern of a long array are the same whether the 
array has many discrete sources or is a continuous distribution of 
sources. 

The null direction 0 O of the continuous array pattern is given 
by E n = 0, 

1 • 

or sin~=0 


E„= 


T =±Kn ’ 
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wh ere K= 1, 2, 3..., 

Putting ip'=pa sin 0, we get 

pna sin fl„ _ ±j( n (0=0 o for null direction) 
2 rra sin 


or 

or 


2A 


±Ktt 


Oo 


-*-(*?) 


When a t> A, i.e. array is sufficiently long, 


±— rad. 
a 

, 57-3/CA 

= ±—--deg. 


...(4) 


then 


The bcamwidth between first nulls (K=\) for a long array is 


™ 2A a M5A . 
2 <? ol =—rad.= deg. 


...(5) 


It can be noted that if we put 
a=n<I, equation (4) is quite identi¬ 
cal with the expression for beam- 
width of broad side array of n 
isotropic point sources. Thus for 
infinite number of sources n > I, 
null locations for arrays of either 
discrete or continuous arc the 
same. 

In fig. 29 (c) field pattern of 
the main beam of continuous array 
of point sources of length 5A, 10A 
and 50A arc plotted. We note that 
the bcamwidth between half power 
points#///., of a long uniform broad 
side array is related to Oo, as 
#///»== 0*9 

= 0-9 A/a rad. 

= 51 A/a deg. 



I'iu 29»c). Main lobe field pittern 
of continuous uniform broad side 
array of length 5a. 10a and 50a. 


32 14. MULTIPLICATION OF PATTERNS : 

In previous ariiclc we have discussed a direct method for the 
determination of radiation pattern of linear arrays Multiplication 
or patterns provides another means for sketching such patterns. 
The chief advantage of the latter method lies in the fact that one 
can sketch rapidly, simply by inspection, the pattern of complica- 
ted arrays. 1 
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To illustrate this method, let us take up the following 
example : 

Consider an array consisting of four elements, each spaced A/2 
apart and with currents in same phase. We shall treat antenna 
elements 1 and 2 as one unit, and 3 and 4 as other unit [fig. 30 (a)]. 
For the resultant pattern of one unit, antennas 1 and 2, or 3^ and 4 
can be replaced by a single antenna located at a point mid-way 
between them. The directional characteristic obtained is a ‘figure 
of eight' [fig. 30 (b)]. 

Now the next step is to treat the two units together, i.e., to 
determine the radiation pattern of two similar antenas that are 
spaced a wavelength apart and each of which has figure of eight 
directional pattern. The pattern of 2 non-directional radiators 
spaced A apart and fed in phase is as shown in fig. 30 (c). 

Thus the resultant pattern for the original four element array 
is obtained by multiplying the pattern (b) for a unit and pattern 
(c) for a group as shown in fig. 30 (</). 

Thus if by simple calculations we could know the unit pattern 
and group pattern, it would be too simple to arrive atonce at the 
resultant approximate pattern by mere inspection. 

We note the following few points in the resultant pattern : 

(a) the width of the principal lobe (between nulls) is the same 
as the width of the corresponding lobe of the group pattern, 

(b) the sum of the nulls in the unit and group patterns, assu¬ 
ming none of the nulls are coincident, gives the number of nulls in 
the resultant pattern, 

rue. mmv -, L—% ~L- 

! ! 


IS REPLACED By -- © 

VmERE® REPRESENTS ~— 

Fig. 30 (d) 


<h 



@HASA PATTERN LIKE 
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THE PATTERN OF 2 NON-DIRECTIONAL 
RADIATORS SPACED A APART AND FED 
IN PHASE 



THE RESULTANT PATTERN FOR ARRAY 
IS OBTAINED BY MULTIPLICATION AS 
SHOWN BELOW 



Fig. 30. Multiplication of patterns. 

(e) the number of secondary lobes in the resultant pattern can 
be determined from the number of nulls in the resultant pattern. 

3215. ARRAY OF TWO DRIVEN A/2 ELEMENTS : 

The term clement is taken to mean the basic unit antenna of 
which the array is constructed. We assume these elements to be 
linear and thin. Like to previous discussion of array of isotropic 
point sources, here too we shall study the two cases. One Broad 
side case in which the two elements arc fed with equal inphasc 
(5*0) currents and the second end fire casein which the two 
elements are fed with equal currents in opposite phase (8= ±n). 
In each case, expressions for field patterns and gain in field inten¬ 
sity will be derived. 

Wc shall here stress on the calculation of form factor that is 
responsible for the directivity achievements of any type of array. 
The magnitude of the field can be estimated from the previous 
calculation of fields for the elements of the array. 

Case I: BROAD SIDE CASE (a) Field Patterns: 

We assume that array is unaffected by ground or other objects, 
/ e., array is in free space. We shall derive pattern expressions first 
for horizontal plane and then for vertical plane. Since angles 0 and 
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<f> are confined to vertical and horizontal planes respectively. E(0) 
and E(<f>) will represent field intensities in vertical and horizontal 
planes. We consider a point at far distance from the array. 




Xy-Mifi/ZOAML 
7/f/S 6=90* 

Zy~V£/?r/C4L PLM6 
A VO /W T///S <P- 90' 


Fig, 31. Broad side array of two in phase x/2 element. 

Since it is a broadside case, the maximum field will be directed 
in a direction normal to the line of array. Therefore as Af-axis is 
the line of array, maximum field will always be directed along Y 
axis In both the cases Le.. whether we calculate field in horizontal 
XY plane or in vertical ZY plane. 

Field intensity in horizontal plane : 

At a large distance r, 

(r > d), 

the field intensity from a single element in the horizontal XY plane 
(0=90°) is given as 

*£, (*)=*/„ ...( 1 ) 

where K is a constant involving the distance r and I\ is the termi¬ 
nal current. 

Since £, (</>) is independent of <£, its pattern will be a circle in 
XY plane [fig. 32 (a)], which means element of A/2 length radiates 
uniformly in horizontal plane or in other words, we can replace 
these elements by two isotropic point sources for the sake of 
intensity calculation in the horizontal plane. Now as is obvious 
from figure 32 (b) 9 for two isotropic in phase point sources the 
resultant field intensity is 


•We note that for a current element 


60^7 dl sin 0 60*1 dl 


A r 


A r 


(for 0=90°) 


= KI at a fixed frequency of transmission. 
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£>» W)=£o e«'*+£ 0 e-»i* 
= 2 E 0 cos 0/2, 


...(IA) 


2 W 


where ^= —— cos <j>=dr cos 4>, E w is the field intensity from a 

A 


single element at a distance r (by the consideration of principle of 
pattern multiplication), so that 

Eq=E\ (*)-*/» 




Fig. 32. 

Therefore resultant field intensity 
in the horizontal plane at a large dis¬ 
tance by this array will be 

£(«=2E, (*) cos 0/2 

-w/f (dr cos 4>\ 

= 2 K1, cos (— 2 — ). (2) 

The pattern of E (<£) can be illus¬ 
trated as shown in fig. 32 (c). The 
maximum field intensity, is at ^ = 90° 
or broad side to the array, that is, along 
Y axis in XY plane. 

Field intensity in vertical plane : 

When we consider the field in the vertical YZ plane, each 
element behaves as a half wave antenna and therefore from the 
theory of half wave antenna in space, we find that for a single 
element, the field intensity at a large distance r in the vertical 
plane is given by 

F ttl\ K! C ° S (” /2 C0S °> 

The pattern of two isotropic point sources in the vertical 
plane in place of two elements is 

E ho (0)=*2E o cos I- - -j 

= 2£ 0 

=2£i (0), ...(3A) 

‘Because <f> = n/2 for ZY vertical plane. 
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on applying the principle of pattern multiplication. Therefore the 
resultant' intensity in the vertical plane at a large distance r for 
the array of two elements will be 
E (i 9)=2E l (0) 


cos (tt/2 cos 0 ) 
' 1# sin 0 


...(4) 


The shape of the pattern is illustrated in fig. 32 (d). The field 
is maximum for 0=90 0 and <f>=90° which is Y axis in ZY plane. 

(b) Gain in Field Intensity : 

Let us assume that Rn, P *2 are 
self resistances of element I and element 
2 respectively and R lt is their mutual 
resistance. Let the total power input to 
the array be P. Then assuming no heat 
losses, power Pi in clement 1 is 
tF,=/, 2 (*n + *ii), 
and the power P 2 in element 2 is 

Pt =■/** (^22 + ^ 1 *)- 

where h and / 2 are r.m.s. currents. But R ti =Rn and / 2 =/i, so 
that 

(Rn+Rn) 

and thus A=7{ 2 

Since we express gain of the array with reference to certain 
standard antenna, we take here a single A/2 element as the 
reference antenna. Let the same power P be applied to this 
antenna. Then assuming no heat losses, the current 7 0 at its 
terminals is 



where R 00 is the self resistance of the reference antenna. 

Now the gain in field intensity in the horizontal plane is 
defined as 

Field intensity of the array in the horizontal plane (parti- 
cular value of <f> ) at a distance r fed with power P 
fVP )—Fjgid intensity of the refrence antenna in the horizontal 
plane (same <f>) at the same distance r fed with the same 

power P 

1M 201 ”(• 2 ) 

_ Eh.w.{4>) _ Kip 

fPi=Pn/i a +7i (i? l2 . / 2 ). Put /i=/ 2 , 


Z 
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on putting the values of A and /„. Bars indicate that gain will be 
confined to positive values or zero regardless ol the values of dr 
and *£. The maximum value of G f (4>) is called directivity and is 
independent of <f >, and can be referred as G/ simply. 

For the case, when the spacing d is A/2, and Ro 0 — /?u = 73 
ohms (A/2 antenna), dr=n and */?u= —13 ohms, we find that 
Gf (<£)= 1*56 cos (w/2 cos <f>). 

In the broadside direction «£=W2, the gain is 
G/(4>)=\’56. 

We note that it is the maximum value of G f ( <p) and is thus 
Gf. The gain as a decibel ratio is given by 
fGain = 20 log, 0 Gf db 
= 3*86 db. 


Now :hc gain in the vertical plane will be given by 

C0S (77/2 C ° S 0) 

„ ^ m 2K!x ‘ sin a 


G, W = 


Eh»w-(0) 


cos (W2 cos 0 ) 
sin 0 


_ // \ on putting the values of /, and /„. 

Wc note here that unlike to the gain in horizontal plane, gain 
in vertical plane is independent ol 0. For case </— A/2, and hall 
wave antenna system, wc have 

Gf(0)= 1*56 or 3*86 db. 

Case II. END FIRE CASE : (a) Field Patterns : 

Array is shown in fig. 33 (a). Wc note that, unlike to case I, 
here the currents in the elements arc in opposite phase instead of 
being in the same phase. 

Since it is end fire case, the maximum field will always be 
directed along AT-axis, the line of array, in both the cases of field 
calculation (in XY plane or ZX plane). 


^ and *„ = -£' 
h A 

where V x% is the c.m.f. that a current /, in anienna 1 induces at ihc open ter¬ 
minals of antenna 2. 

lGain= 10 log 10 G/, where G'/ is power gain. When gain is expressed in 
field intensity, power P is proportional to square of field intensity and hence 
gain =20 log l0 G'/. 
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Field intensity in horizontal plane : 

At a large distance r (r p d ), the field intensity from a single 
element in the horizontal XY plane is given by 
E x (*)=KI U 

where I x is the terminal current and K is constant involving the 
distance r. 

Replacing the elements by isotropic point sources of equal 
amplitude, the field intensity in XY plane for two such out of 
phase sources is given by 

*E lso (*)=£ 0 e* *-£ 0 e-W 

.( dr cos 6\ . 

= 2 E 0 sin I— 2 —~ )»ignoring j. 

The account of phase has . 

been taken by taking the difference -t-i l 

of fields radiated by two elements. T r “j *1 

By the principle of pattern f j 

multiplication, E 0 can be considered J 1 yf i 

as the intensity from a single cle- SY* T ** 

ment at a large distance r. There- I y \ 

fore * f 

Eq=E\ (*)=.*/, ±T 

and hence the field intensity in the 1 2 

horizontal plane at a large distance Fig. 33. (a) End fire array of 
by this array will be two x /2 elements. 


ignoring j. 


irft 


E (<t>)—2Kli sin ( 


Fig. 33. (a) End fire array of 
*wo x /2 elements. 

(ifii) ...(«) 


The pattern of E (^) can be plotted as shown in fig. 33 (b). 
The maximum field intensity at ^=0° and ^=180°, i.e. along AT 
axis in XY plane. Hence the array is commonly referred to as an 
'end fire’ type. 

Field Intensity in Vertical Plane : 

The field intensity E x {0) from a single A/2 element in the 
vertical plane at a large distance r is given by 

r i'f cos (W2 cos 0 ) 

E>(6)=KI ' — iiFe- 


•Since for end fire array $=</rcos^+5, where $--n, because 
currents arc in opposite phase. Therefore 

E,» W=E 0 ei*'-+E„e-'*i t =2E 0 cos ‘ 

-ir 
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Y 




Fig. 33. (6) Pattern Fig. 33 (c) Array of two isotropic 

for £(<£). point sources. 

The pattern of two isotropic point sources in the vertical plane 
in place of two elements is 

E,„ (*)=2£, sin ( 

But we note from fig. 33 (c) that in this case of two isotropic 
pointf sources 0 is complementary to <f> and hence 

E,u, (0)=2£ o sin(^y^* 

Putting Eq^E x (0), the field intensity in the vertical plane at a 
large distantec r for the element of array is 

£ (0)=2A'/ 1 ° ] sin (...(7) 

The maximum field intensity will be for 4>=0 or 0= 90° i.e. 
along A'-axis in ZX plane. 

(b) Gain in Field Intensity : 

Let us assume that R u , R 22 arc the self resistances of element 
1 and element 2 respectively and R l2 is their mutual resistance. 
Let the total power input to the array be P. Then assuming no 
heat losses, power Pi in element I is 

/Wi**,i + /» (RM. 

But /,*=—/|, so that 

Pi^VRn-VRit, 

since, in this case, current between the two elements are in opposite 
phase. 

Also, power P 2 in the clcmcnt-2 is 

#Wt* (*,«-*>,) 

The total power input is 

R=Pi+Pt 

_= 2 /,* </?„-/?„), 

tSincc for isotropic radiator, vertical or horizontal planes are noTdhT 
tmguisbed as u radiates uniformly in all directions. 

•Phase difference has again been accounted by taking sin */2. 
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taking R n =R n and / 2 =—/,. 

h 


Thus 


7{2 


Since we express gain of the array with reference to certain 
standard antenna, we take here a single A/2 element as the refere¬ 
nce antenna. Let the same power P be supplied to this antenna. 
Then assuming no heat losses the current / 0 at its terminals is 




where R 0Q is the self resistance of the reference antenna. 

Now the gain in field intensity in the horizontal plane will be 

. . / dr cos 

r - s,n l -3-) 


„... ew 

G ' w ~E^m = 


2KI X 


KL 


For half wave antenna array with a spacing of A/2, the above 
expression assumes the form 

<?/(*)-1*3 | sin (ir/2 cos^) | , 
on putting Rqq=R\i=1^ ohms, dr=n , Rn= —13 ohms. 

In end fire directions (*=0° or 180°), the pattern factor 
sin (tt/2 cos </>) becomes unity and the gain is 1*3 or 2*3 db. We 
call this maximum gain as directivity and is thus denoted as (//, 
being independent of angle <j>. 

Now the gain in the vertical plane is given by 

, cos Ot/2 cos 0) (dr sin 0 

G U) m 1 l 

0/ W ~ Eh. w. (0) ~ cos (ir/2 cos 0) 


1 


KL 


sin d 


-ytat)i*mi '" is ’ 

The maximum radiation, as we find from equation (9) occurs 
in a direction 0=90’, ^=0°. Unlike to broad side case, here gain 
in the vertical plane is a function of angle 0. The directivity G r will 

be G '= J[-R^kr)\ si 4\ on putliDg 9=90 °- 

For half wave elements array with a spacing of A/2, dr=n. So 
that 


<*- J(T^kr) 


= 1*3 or 2*3 db. 

Example : An antenna array consists of four A/2 elements 
arranged in a vertical plane ; each element being fed in phase 
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from a single balanced transmission line. Draw the radiation pattern 
and calculate the directions of maxima if the spacing between the 
adjacent elements is A/2. 

Refer to Case I Art 32*15 : 

Since all elements are fed in phase, 5=0. This is a broad 
side case in which maximum of radiation is directed perpendi¬ 
cular to the line of array. Compared to Case I art. 32'15, here are 
four A/2 elements instead of two. 

Field intensity in horizontal plane : The discussion given in 
that article will remain as such for this case too except cq. (IA) 
will now become Eiu> (<£)=£<) e'***+£ 0 £ 0 e - ’* 2 -}-£ 0 e~' 3s> 2 

=2£ 0 [cos 3^/2+cos */2] 

f /3 dr cos 6 \ , idr cos 
=2£ 0 I cos ^-5-^-j+cos j 

Since d=\r, dr= 4 =ir. Therefore cq. (2) will become 
2 A 2 

£ (</>) = 2KIi [cos ^ cos <f> )+cos^ cos </> 

<f>= 90°, £(<£)=2(2A/,)-maxima along T-axis. 

^=0°, 180°, £(<£)=0 -minima along AT axis. 

Major lobe of the pattern will be same as shown in fig. 32(c). 
The actual pattern is shown in fig. 30 (d). 

Field intensity in vertical plane- The discussion will remain 
same as given in that article except cq. (3 A) will now become 


; )] 


£„ o (0) = 2£o 


cos 


3 dr cos y 


i + cod 


i n 

dr cos — 


= 2 ( 2 £ 0 ) 

so that cqn. (4) for the present case will be 

t x 


cos 


£ (0)-4A7, 


(lose) 


Major lobe of pattern will be as shown in (ig. 32 {d). The field 
is maximum for 0-90' and */»=90 which is Y-axis in XY plane. 

The readers may also opt for the method of multiplication of 
patterns (Art. 32* 14). 

3216. YAGI ANTENNA OR PARASITICAIXY EXCITED 
END FIRE ARRAYS : 

in previous article of ‘array of two driven A/2 elements’, we 
have noted that both the elements were separately fed directly 
from transmission lines. Such directly fed elements arc called 
‘driven’ elements. It is, however, not necessary to feed each ele¬ 
ment of the array by direct connection to a transmission line. If 
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only one dipole or element of the array is directly fed the currents 
in the adjoining elements will flow due to the induction effect of 
the field set up by the driven element, or in other words the other 
elements of the array are excited due to induction effect of the 
field of the ‘driven element*. Such a process of excitation is called 
parasitic excitation and the elements thus excited are ‘parasitic 
elements'. End fire arrays employing this principle are known as 
Yagi antennas. 

This principle of parasitic excitation can not be employed in 
broadside arrays. The reason can be understood as follows : for 
broadside arrays, currents in each element must be in the same 
phase (8=0) which requires that the distance between adjacent 
elements should be a full wavelength (because ‘inphase* condition 
is possible only after the passage of a full wavelength) ; but with a 
full wavelength spacing between the elements, the pattern will 
be of the shape shown in fig. 34 (a) which means there will be 
two end fire lobes of radiation as well as the two broad side lobes 
and this type of pattern is not a true broadside pattern. Due to 
this reason elements in broadside arrays are always driven rather 
than parasitic. 



D*rv£* 

iu*£*r £t£»£trr 



Fig. 34. ( b) 


Field strength at a point due to an array with parasitic 
elements : 

We consider an array consisting one driven element A/2 long 
(clement 1) and one parasitic (element 2). We shall proceed to find 
gain in this case. 

The circuit relations for the elements can be written as 
Vi=liZ n -\-I>Z\z 
0=/ 2 Z22-|-/iZl2, 

where Zll. Z 22 are self impedances of elements 1, 2 and Z 12 is the 
mutual impedance between them. 
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The current in element 2 will be 

, , Z J1 , \Z»\Hr m ) 
h_--h z „=-h 

Zn 


= -/. 


•St 


l T m T : 


or 

where 


l-g liL 

^=w+r m —r 2 in which 
r„=tan- Xli 


R,t 

rs=,an " fe- 

because Z lt ~R, t +jX lt 

Z- 2 t = E 22 "I" jX 22. 

The electric field intensity at a large distance from the arrays 
as a function of <f> is 

E (4>)=K/i+KI 2 !> j 

= *{/» + /, / (dr COS <j>)}7 

where dr cos <f> is the path difference between the fields from 
elements I and 2 due to path difference d cos <t> between them. 
Substituting for l u we get 

£ (*}-*/, j | / (+dr cos 4 ) | ...(|) 

The driving point impedance Z, of the driven element is 
7 _ /iZn+/fZu 
Zi __ == - /r — 

-z„+z„ J- 

But we have shown that 

0=I 2 Z 2i + l\Zi 2 

r-r 

/| L 22 

so that driving point impedance becomes 

Z, 2 2 


Z,=Z n - 


—Zn — 


Z 22 

1 Z, 2 2 I /(2r w> ) 
I z 22 | /(r 2 ) 


The real part of Zi is 


R, ~ R "~ ^tr[ cos (2^-t,) 
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Adding for effective loss resistance, we can write 

R,=R,L+Rn- |-ff{ cos ( 2t "- t => 

If power input t o the driven element is P then _ 

Putting this value of/, in equation (1), we get the expression 
of electric field at a far point due to array. That is 

E u )=K [ J 

x[ 14-|-|^-} /(f+^ cos *) ] 

Directivity : The directivity is defined as 

Field intensity due to the array at a point ted 

with power P _ 

G f (•/>) = field intensity due to reference antenna at the 
same point fed with same power P 
We choose a single A/2 element as the reference antenna. The 
field intensity at the same distanc e fed with sam e power P 

Eh iv- (f)=KIo=K J{~R^+R^r ) 

where /?„„ is self resistance of single A/2 element. 


R ol is loss resistance of single A/2 clement. 
Therefore 
Gj (# 

r.u.w.iuri 

p T' 2 


E(4>) 


Eh-w\4>) 

K [*„-!• *.i-| Zm’/Zm I cos < 2t "- T:) J 

xr' + |?|tt±i£afL] 

= 

Since and letting R<*.=R>l, we have 


C '<*>=%/U 


Ri\+Ri l 


~T RiL — I I COS (IT 


m-T2) ) 


x(i+|§|/i±±S2±) ) 


If by detuning X~ is made large than Z 2 * will become large so 
wc neglect the terms containing Z 22 in the denominator, giving 
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That is, field of the array becomes equal to the field of simile 
A/2 antenna. 

Reflectors and Directors : The magnitude of the current in the 
parasitic element and its phase relation to the current in the driven 
element depends on its tuning which can be accomplished in two 
ways : 

(/) by having fixed length of element but by inserting lumped 
reactance in series with antenna. 

(//) by adjusting the length of the element. 

By changing the tuning of the parasitic element, it can act as 
a reflector sending the maximum radiation in ^=180° direction or 
as a director sending the maximum radiation in 4=0 J direction. 

Field Patterns : 

Field patterns for a three element array located one wave¬ 
length above a large ground plane arc shown in fig. 35. In fig. 
35 (a) vertical plane pattern is shown in which we note that 
radiation appears at negative elevation angles due to the finite size 
of the ground plane, fn fig. 35 ( b) horizontal field patterns are 
shown at elevation angles /3=10\ 15 and 20 \ 


Vertical plane pattern at 
three elevation angles for a 
three element array located 
* above a large ground 
plane. 





r J£ t 'lr A£iO '#T£*J,r/ rM « • o ■ 


Horizontal plane pattern for 
the array for three elevation 
angles. 



PtA V KffV 


Fig. 35. 


Patterns of an array consisting three elements located x 
distance above a large ground plane. 
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Yagi Antennas : For the field calculation at a certain distant 
point developed by' such parasitic end fire array, the phases of 
currents in parasitic dipole elements are of utmost concern 
Phases of currents in parasitic elements depend upon the following 
two factors : 

(i) Length of the parasitic elements : 

A parasitic dipole cut exactly a half wavelength or slightly 
longer will be inductive* and thus the phase of its current will lag 
the induced e.m.f.. while a parasitic dipole cut shorter than a half 
wavelength will be capacitive and thus the phase of the current in 
it will lead the induced e.m.f. 

(ii) Spacing from the adjacent element : 

Close spacing between the elements is used in parasitic arrays 
to obtain good excitation and in the process of excitation, induc¬ 
tion field of the elements play the major role. 

The exact analysis of such arrays is complicated. It is known, 
however, that when the elements are shorter than A/2land are 

properly spaced, they reinforce the field of the driven element in 

a direction away from the driven element. Such ciement* are 
called as directors. Thus if a director is placed infront of a dr ven 
element, it will direct the field in a direction away from the dnven 
element [to right, in fig. 36 (a)). Thus if there is a line of directors, 
each one will excite the next one. 

On the other hand, when the elements are slightly longer than 
A/2 or exactly A/2, and are correctly spaced, they reinforceThe 
field of the driven element in a direction towards the driven 
element or more precisely they reflect the field towards tbe driven 
element. Such elements are called reflectors. Thus if a reflector is 


ELEMENT MEM* HE XT 

\o/*Ecrox 


j 


-*>F/ELD 


FEFLEC7DE o#/vs# 

.ELEMENT 


FIELD 


Fig. 36. ( a ) Fig. 36. ( b) 

placed adjacent to the driven element, any element placed beyond 
the reflector will receive negligible field and will not be appreciably 
excited [to the left of reflector in fig. 36 (b)]. _ 

•A half wave antenna can be approximated with quarter wave open 
circuited transmission line. Refer to impedance curves of such a line. 
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A Yagi end fire array usually consists of one driven element, 
one reflector on one side of it, and a number of directors on the 
other side of it as shown in fig. 36 (c). Directive gain of around 
10 db is readily achieved with a moderate number of elements 
(five or six). A Yagi array has the following advantages: 

(tf) they produce a uniform 
directional beam of moderate 
directivity , and 

( b ) they employ an easy way 
of feeding the system because only 
one element is fed, i.e. simplicity of 
feed system design and low cost. 

The input impedance of Yagi 
array tends to be low and the 
beamwidch is limited to around 2% 
typically. To obtain higher gains, 
broadside array, consisting many 
Yagi arrays as constituent clement 
is used. 

Dimensions of reflectors, directors and folded dipole units 
spacing for Delhi TV channcl-4 and 7 are shown in fig. 36 (d) and 
36 ( e ), respectively. 

252 Cm 84£m 



Fig. 36. (</) Channcl-4 aerial. Fig. 36. (r) Channel-7 aerial 

In fringe areas where the signal level is very low, high gain 
antenna arrays are needed. The gain of the array increases with 
number of elements employed. A Yagi antenna serves well. The 
reflectors are usually 5 percent longer than the dipole and may be 
spaced from it at 0I5A to 0 25A depending on the design require¬ 
ment. Similarly directors may be 4 percent shorter than the dipole 
but where broad band characteristics are needed, successive 
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directors are usually made shorter. Suppose a channel has a centre 
frequency 65 mc/s (channel from 62 25 mc/s to 67*75 mc/s) then 

3 10 8 

length of dipole, M 2 = 2 x65xW 

=2-31 meter 

length of the director=-^—004- 

=2*31-004x2*31 


length of reflector 


=2*22 meter. 
-i+O-051 


= 2*31+0 05x2*31 
=2 43 meter. 

director-dipole spacing=0*13A 

=0*13x4-62 
=0 60 meter. 

reflector-dipole spacing=025A 

=0 25x4*62 
= 1*15 meter. 

In general, for conductor of 1 to 1*2 cm. in diameter the specifica¬ 
tions of any Yagi antenna array are : 


length of dipole 
length of reflector 


143 

-j- meter (/in mc/s) 

meter (/in mc/s) 
137 


length of first director= -j— meter (/in mc/s) 

length of successive directors reduces by 2 5 percent, 
spacing between reflector and dipole 

=0*25A 

spacing between director and dipole 

=0*13A 

spacing berween director and director 

=0*13A 

32 17. LOOP ANTENNA : 


The loop antenna is a coil of any convenient cross-section. 
The radiation efficiency of closed loops is insufficient as regards 
the transmission purposes, unless their dimensions are made com¬ 
parable to the wavelength employed. The ordinary loops are so 
designed that their dimensions are small compared with wave¬ 
length. This causes the currents to be of the same magnitude and 
phase throughout the loop. However, it must be pointed out here 
that if dimensions of loop are small compared to wavelength 
employed, the distributed capacity and leakage inductance 
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between the turns of the loop may cause the current to vary in 
magnitude, phase being substantially the same. Due to this effect, 
the directional pattern of such loop antenna may differ from that 
of an idealized loop. 

Closed loops are generally used for reception purposes. Now 
we shall calculate the voltage induced in a loop by a wave 
polarised* in the plane of a loop. 

Consider that a rectangular loop remote from ground, of wire 
of height //, width W , is acted upon by electromagnetic wave of £ 
volts/metre (fig. 37). Let the field strength £ at any instant be 
given by 

£=£„, sin u) (f—r/c), 

where every notation bears its usual specification. 



(a) Rectangular loop antenna. (b) Induced c.m f calculations. 

Fig. 37. Rectangular loop antenna. 

The c.m.f. induced in the loop will be the line integral of field 
strength £. 

The e.m.f. induced in one arm will be in the same direction 
as in the other arm, but differ in phase, the magnitude of which 
depends upon W. 

The field strength in arm 1 will be 

_ _ . ( r — \W cos 0 \ 

and in arm 2, 

r r /, '-HW'cos0\ 

E 2 =E„ sin oj it --J 

•It means electric vector £ is in a plane parallel to arms l and 2. Since 
E is perpendicular to width W, the e.m.f. will be induced in arms I and 2. 
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The resultant e.m.f. will be 
*=E x h-EJi 


=E m .h 


[sin w (r— 

(' 


—sin oj 
W cos 0 


r+cos 6 


)] 


2£*.a|cos w sin " ( >y ^ s9 )]- 


If there are N turns in the loop, the induced e.m. f. will be 
e—2NE m h.sin oj )• cos o> 

Since the dimensions are small compared with the wavelength, 


we can assume 
sin io 


(Wcos0\ W cosO 
\ 2c ) 2c 


Therefore, e 


INEm.h.w. ^ — .cos w 


2c 


K) 


OJ 


N.Wh.E m . ^-cos 0 cos 


('-9 


Also Wh=A % area of the loop, and 

oj _2n 

c A 

2 wHA cos 0 


Therefore 


- E m cos 


OJ 


H) 


or 


2 wNA cos 0 c . # ^ 

e\= -;- E m volts. 


...(0 


where E m is in volts/meter, A the area of the loop in square 
metres, and 0 is the angle between the plane of the loop and the 
direction of the transmitting station. 

The maximum value of | e | will occur when 0=0, tt, 2t r, ..., 
i.e. when the plane of the coil is along the direction of transmitting 
signal. If the plane of coil is at right angles to the direction of 
transmitting signal, 0=90° and hence induced e.m.f. is zero. 

This latter property leads to its use in direction finding since 
by connecting a loop to the receiver and then rotating it, a posi¬ 
tion is obtained at which received signal is zero. A direction 


•Quite in analogy with 


dV 
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perpendicular to it will be the direction of transmitting station. 
If at two receiving stations, separated by a known distance, these 
measurements are taken, the location of transmitter can be found 
easily by triangulation. 

Since the voltage induced is the multiplication of the field 

strength with height of the loop, the factor- - , being a 

multiple of field strength E m in the expression for | e |, is termed 
as effective height of the loop. 

If the loop antenna is used for the transmission purposes, the 
field radiated by an ordinary loop in a plane perpendicular to its 
own, assuming the current to be constant throughout the loop, 
can be given by the formula, provided loop is small compared 
with a wavelength : 

*_!*£?(£) l.co.#. ...( 2 , 

where r is distance in metres, and 

l t is loop current in amp., 
rest notations being the same. 


To derive equation (2), we 
proceed as follows : 

Let us consider that the 
loop is placed in the coordi¬ 
nate system as shown in the 
fig. 38. If the loop is oriented 
as in fig. 38. its radiation field 
will have only E f component. 
If the dimensions of the loop 
are small compared to wave¬ 
length, the current through¬ 
out the whole loop can be 
assumed to be uniform in 
phase. We can now treat the 

loops as four short linear di¬ 
poles (1, 2. 3 and 4). 



To find the radiation pattern in the yz plane, we should 
consider only 2 and 4 dipoles, i.e. two out of four small linear 
dipoles. Since 2 and 4 arms of the loop are being treated as short 
linear dipoles, their radiation pattern in xy plane, in which they 
arc situated, will be of the form shown in fig. 39 (a), while a plane 
perpendicular to xy- plane, i.e., in yz plane pattern is circular as 
shown in fig. 39 ( b ). 
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Fig. 39. 
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Since the field pattern 
of 2, 4 dipoles is circular in 
j»z-plane, they radiate uni¬ 
formly in all directions, i.e. 
individual small dipoles 2 
and 4 are non-directioDal in 
the yz-plane and hence the 
radiation pattern of this 
loop in yz-plane will be the 
same as that due to two iso- Fi «- 39 (c). 

tropic point sources. A cross-section through the loop in the vz- 
plane is shown in fig. 39 (c). 

Since field due to 3 and 1 dipoles in .yz-direction (for these 
two, circular patterns will be in xz-plane) is negligible, we ignore 
these dipoles. 

Thus treating dipoles 2, 4, as two isotropic point sources, the 
total field at a far point due to the two dipoles will be 

0 e * /2 +£>-* /2 

= -2/£ #0 sin^/2, 

whera £*„ is electric field from individual dipole which is equal to 
y60.Tr/o/ from (jjp^e theory. (In this expression sin 0 is 1 because 

here dipole is along x-axis and therefore, if 0 from x-axis in any 
direction in .yzplane is measured, it will come out to be 90°). 

In this problem, length / is the height h of the loop and let 
retarded current on the loop be /„ then 


£,o= 


j60.rr.fh 
Ar 


Thus expression for total field 

r «. j,60.7rl t h . ih 

E " = ~ 2j —“n 2 
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120 *Uh 
A r 


0 

sm 2 ' 


Also from previous theory of arrays, 

2jt d sin 0 
l= -A- 

But here instead of d, we should write IP, i e. 

, 2vW sin 0 

+ = —r- 

Further if W < A, we can write sin 0/2 equal to 0/2. 


Hence E*= 


120 irlji 0 _ 120n/,/i 2rrlFsin 0 


Ar 


Ar 

1 20tt 2 /, 


* 


H'/i sin 0 
' A 2 


120tt 2 /, /I . . 

— F * 


where A is the area of the loop. 

If there arc N turns in the loop, 
radiated in yz-planc will be 

1 20ir*N A 

1 E* 1 total -- 


the total electrostatic field 


7 “. /, sin 0. 


if 0 be measured from y-axis, then 


„ , mir*N[A 1 . „ 

E* \wi - ~ r J- * cos 


gives the instantaneous value of electric component of the radia¬ 
tion field. 

The corresponding magnetic field is 
( E*)ioiu i _ {E*),o,ui 

377 ~ 120* 


( H 4)10101 — 


-m 


I, cos 0. 


GO 


The field pattern represented by 
equations (1) and (2) is shown in 
figure 39 (</). Pattern appears as the 
cross-section of the figure of revolu¬ 
tion about an axis that is perpendi¬ 
cular to the plane of the loop. This 
pattern due to loop antenna remote 
from ground is exactly the same as that of a doublet antenna placed 
at the centre of the loop with its axis perpendicular to the plane 
of loop. The main difference in two patterns is that the field radi¬ 
ated from a loop is every where polarised in a direction parallel 
to the plane of the loop. 


LOOP (PLAN V/SW) 

Fig. 39. (</) Directional cha¬ 
racteristic of loop antenna. 
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NUMERICAL EXAMPLES 

Ex. 1. Find the voltage induced by a plane wave of field strength 
‘01 volt/meter and wavelength 300 meters in a loop of 1 square 
meter of 12 turns. The plane of the loop being in the direction of 
wave propagation. 

The voltage induced is given by 

2? tNA cos 9 r 
e- A 

Given £ m =01 volt/meter, 

A=300 meters, 

A= 1 square metre, 

0 = 0 °. 

. 2 tt. 12.1.cos 0° 24x3-14x1 

300 XUI “ 300 
00536 

=loo- vo,IS 

=2 5 railli volts. 

Ex. 2. In a field strength measuring set of 500 kc/s using a 
loop aerial composed of 70 turns l metre square area , it was found 
that a maximum potential difference of 2 millivolts was developed 
across this loop aerial when the latter was tuned to resonance. Cal¬ 
culate what was field strength , given that Q of loop aerial is 30. 

The maximum e.m f. is induced only when the plane of the 
coil coincides with the direction of transmitted signal i.e. for 0=0, 
n, 2n. Thus 


Give 


i«u 

I e | w „j, 


2 nAN „ 

A tm ' 
=2.JO -3 volts, 


11 = 10 , 


A = 1 sq. metre, 
v C 3.10* 
n “500.I0 3 



= 600 metres. 

Therefore, 2.\0~>= 2 -^-± E„. 

r 60 - 10 " 3 u 

.. E m =-^^- volts/metre 
60 

= 3^4 m^/metre 
= 19107 mV/metre. 

32 18. PARABOLIC REFLECTORS : 

We know that an array of linear antennas can be employed to 
achieve a directional radiation pattern in which the radiated power 
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is concentrated in a narrow beam. The same directivity objectives 
can also be achieved by the use of reflectors and lenses. Parabohc 
reflectors are employed when it is convenient to build antennas 
with aperatures of many wavelengths. 

Arrays are commonly employed at lower frequencies They 
arc used upto about 1000 mc/s although in specia case they may 
be used upto atleast 3.000 mc/s. Reflectors and lenses are mo t 
common above 1,000 mc/s. although parabolic rcflec ors are fairly 
common down to atleast 100 mc/s. Lenses are basically m.crowace 
devices, not ordinarily used below about 30UU mc/s. 

In frequency region around 1000 mc/s, the choice between an 
array and q a paraboloidal reflector may sometime be difficult. 
Arrays are employed when scanning by array phasing is desired, 
whereas reflectors are indicated when broad band operation or lo^ 
noise temperature is desired. Sometimes a combinat.on-a linear 
array feed and a parabolic cylinder reflector is employed. 

The principal advantage of lenses over reflector is 'hat the feed 
and feed support structure do not block the aperture, lor the rays 

arc transmitted through the lense rather OM JS 

feed Since feed for lenses can be placed farther off the optical 
axis, they can also be employed in applications requiring a beam 
that can be moved angularly with respect to the axis. 
permissible mechanical tolerances arc somewhat greater for lenses 
than for reflectors. On the other hand, lenses are somewhat bulkier 
expensive for the same gain and bandwidth than are reflectors. But 
these factors arc less significant at very short waveleng hs, abuse 
10,000 mc/s-a region in which lenses are most commonly used. 

Focussine by a Parabolic Reflector: A parabolic reflector 
antenna is shown in figure 40 (a). The parabola reflects the waves 
originating from a source at the focus into a parallel beam and 
consequently these spherical waves originated by the source at the 
focus ol the reflector arc converted into plane waves of uniform 
phase across the mouth or aperture of the parabola. I his can be 
understood as follows : 

Parabolic curve is defined such that the distance from a fixed 
point F, called focus, to any point, say A» on the curve is always 
equal to the perpendicular distance between that point A „ on the 
curve and fixed line called directrix, i.c . 

FA t =A t C t etc. 

Now we sec from fig. 40 ( b ) that 

C 3 B 3 =C 3 A 3 -\-A 3 B 3 =>FA 3 +A 3 B 3 
= path FA 3 B 3 . 

Also CtBt^CtAt V A t B t =FAz+A~B t 

= path FA t B 2 . 

But (?*£;,=C 2 i? 2 , 
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so that path FA 3 B 3 =p ath FA 2 B 2 . 

Or, in otherwords the length of this path is equal to the dis¬ 
tance between the directrix and plane BB' irrespective of the angle 
at which the ray is incident on the curve. This means that the 
Phaser of all waves thus arriving at the aperture are the same and 
a plane wavefront is created in the aperture plane. 
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Fig. 40. Parabolic reflector focussing action. 

Paraboloids and Parabolic Cylinders as reflectors ; A parabola 
being a plane curve, is two dimensional whereas a parabolic 
reflector, being a curved 
surface, is a thice dimensio¬ 
nal object. There are two 
types of such a curved 
surface; one is paraboloid 
formed by rotating the para¬ 
bola about its axis shown in 
fig. 41 (a) and the other is 
a parabolic cylinder formed 
by translating the parabola 
of fig. 40 {b) in z-direction 
(perpendicular to the plane 
of paper) shown in fig. 41 

(b). The aperture diameter of a paraboloid may range from few 
inches to thousand feet. 



'tO (6) 

Fig. 41. Paraboloid and Parabolic 
cylinder reflector. 


Field distribution across the aperture of Parabolic Reflector : 

(a) For Cylindrical Parabola ; Let a line source be placed at 
the focus along Z-axis. 

Let this be isotropic in XY plane. 
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Suppose py is the power 
density at point A distant y 
from AT-axis. Then power P ' 
in a strip of length AB[~dy) 
and breadth dz will be 
PWz dy p y . 

If breadth is taken as unity 
i.e. dz = \ or for a unit distance 
in z-direction, the power in the 
strip AB is 

p=p y dy. ...(1) 
Suppose u' is the power 
per unit angle per unit length 
in the z-direction, then 

P=u 


* 



\ 


Fit;. 42. Cylindrical parabola; Z-axis 
is perpendicular lo plane of paper. 

(W. -( 2 > 


So that from equations (I) and (2), we get 

Pj_ 1 - 1 

«' ‘lylde d in9 ' 



where 3'=* sin 0. 

Further wc know that 

path length 2=path length 1 
R + R cos 0=L+L 
2 L 


or 

or 


R I +COS0' 

Therefore equation (3) assumes the form 
Py 1 


u ~ d_ I2 L sin 0 \ 
do \l-fcos 0 ) 



14 -cos 0 
= 2 L 

The ratio of power density p§ at 0 to the power density p 0 at 
0=0 is 

1 4- cos 0 \ ^ 


, ( 


2 L 


14 -cos 0 


Po 


<$n 


...(5) 


* • • 

Therefore, the relation in corresponding field intensities 

would be 
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« e.-E.J (Lt~£). ...(„ 

The expression gives the field intensity at a distance y from the 
axis as a function of £#—the field intensity at the vertex. 

Equation (6) furnishes completely the information to sketch 
the secondary field pattern because £ 0 , the field at the vertex, is 
merely the field due to the primary antenna placed at the focus. 
This means we can easily compute E 0 from the earlier methods 
once the type of the feed radiator or primary antenna is known to 
us and consequently, we can obtain E$. The form factor of field 
E 9 then decides the shape of secondary field pattern. The calcu¬ 
lation of Ee easily leads to the computation of power and directi¬ 
vity. 


(b) For Paraboloid. A paraboloidal reflector is shown in 
fig. 44. An isotropic point source is located at the focus. The 
total power P through the annular section of radius r and width 

(7) 


dr is 

P=2nr dr p n 

where p r is the power density at 
a distance r from the axis. 

Suppose u is the power per 
unit solid angle, then the total 
power through the same annu¬ 
lar section will be 

P=u dm, 

where du* is the solid angle sub¬ 
tended by the annular section 
of radius r and width dr. It will 



Fig. 44. 


2* sin 0 d0. 


be 


du> 


dA cos 0° 

P 2 

?7Tp sin 0p dO 


but 


Therefore, 

P=2ir sin 0 dO.u. 
From equations (7) and (8), we get 
p r sin 0 
u ~r(dr/dO) 
r=p sin 0. 


2L sin 0 
” 1+cos 0 ' 


we find 


p r _ sin 0 _ 

u~~/2LsinO\ d /2L.sin 0\ 
ll+cos 0) dO U-fcos 0) 
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1+COS0\ 1 


/ 1 +cos fl \ 
\ 2 L } 


d_l 2L$\t\9 \ 
dd \l+cos0/ 

(l+cos0) 2 ...(9) 

- 2L 1 

From equation (9), we atonce arrive at 
(l+cos 9)* 

p, - 4IS ^(1 +cosfl) - 

— ( 1 +cosO ): u “ 

irM 

1+COS 6 
=—— 

...(10) 


or 


_ ( 1 +cosfl) 
■ t 0 2 


* szavm&usx “ s = 

secondary field pattern. t 0 . easi | y calculated and hence 

S=«rdSc,ivi,y. 

Primary and Secondary Patterns : Field Radiators or Source 

called the secondary pattern. , 

• • Qunnosc isotropic source is placed at 

will be in phase opposition to reflected rad.al.on because distance 
travelled by direct radiation will be 

FP=/.=hA/4, 

where n—2, 4, 6,... 

=A/2, A, 3A/2,... 

so that at point P phase will be reversed and thus direct radiation 
will cancel the central region of the reflected wave. If, however, 
L is odd multiple of A/4 then 
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FV=L=n\/4, where n=\, 3, 5... 

=A/4, 3A/4, 5A/4,... 

so that at point V phase is not reversed and then the direct radia¬ 
tion in this case will reinforce the central region of the reflected 
wave. We observe that primary antenna lies in the path of the 
reflected wave. This situation gives rise to two main disadvan¬ 
tages : 

(/) primary antenna acts as an obstruction and thus blocks 
the central portion of the aperture, 

(//) reflected waves from central portion of the reflector 
interact with the primary antenna and result in mismatching. 

To avoid these effects, primary antenna may be displaced to 
one side and only a portion of reflector is used as shown in 
fig. 46. 



m7lA/4 

Fig. 45. Reflector with isotropic source 


(b) Other Feed Radiators : Suitable directional patterns may 
be achieved by using various types of primary radiators. One such 
radiator, horn antenna, is shown in fig. 46. We shall not enter 
into the details. 


#£M/SPH£*/CAL 

PP/MAPy 



Fig. 46. Reflector with horn Fig. 47. Hemispherical primary 

antenna as feeder. pattern. 
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Illumination Tapper : The radiation from the feed is called 
the 'illumination' of the reflector. The variation o! the intensity 
of radiation over the aperture is called ‘illumination tapper . I he 
ratio of the power density at the edge of the aperture to that at 
the centre is called 'edge tapper\ 

With hemispherical primary pattern, as shown in fig. 47, the 
amplitude of relative field intensity is tapered. An excessive taper 
causes the loss of gain and sharpness of the pattern is reduced 
but, on the other hand, too little taper results in unnecessary 
appearance of the side lobes and back lobes. 


32 19. RECTANGULAR HORNS : 

A broad class of radiating antennas, particularly useful in the 
microwave region, arc horn type radiators, paraboloidal reflectors, 
and lenses. In each case electromagnetic energy must pass 
through a physically distinct aperture. It is possible to show that 
the field in the aperture behaves like an equivalent source. This 
fact is related to the Huygen’s principle which states that each ele¬ 
ment of a wavefront may be considered as a secondary source. By 
•equivalent theorem* we can replace an element ol area ol an advan¬ 
cing wavefront (say dx dy if z is the direction of propagation) by 
electric and magnetic current elements. Therefore, in order to 
calculate the field at a point due to aperture radiation, we shall 
simply determine the radiation fields ol these current elements. In 
Chapter 31 we have pictured the field configuration inside the 
guide operating in 77:,.. mode. Obviously, there exists Held distri¬ 
bution across the mouth of the guide. By the concept of equivalent 
source’, one can explain the action of a horn as though the mouth 
of the horn is replaced by a distribution of elementary dipoles in 
which each dipole radiates a field, proportional to L (I +cos 0), 
where 0 is the angle measured with respect to the direction in 
which the horn points, and E is the intensity of the electric held 
where the dipole is assumed to exist. Dipoles are polarised in the 
same direction as the electric field at the mouth ol the horn. The 


bdlllC UIIVV.IIUII U» »IIV vivv....- - - 

actual field pattern of the radiation from the horn is the summa¬ 
tion of the radiated fields produced by all these elementary 
dipoles as obtained on integration. 


If a rectangular aperture lies in thcjz-planc of a cartesian 
coordinate system with its centre at the origin, then the beam axis 
will coincide with the x-coordinate axis. If the sides of the aperture 
rectangle are parallel to the j»-axis and z-axis, the pattern in the 
x>’-planc is given by the integral : 



. / 2 ny sin a X - * . 

I'Hr—) *■ 


where a is the azimuth angle in the xy-plane and D y is the length 
of the aperture in the y dimension. The corresponding expres¬ 
sion for the xz plane pattern is obtained by putting z for y every- 
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where in the above relation and substituting cos P for sin <x, where 
fi is azimuth angle in xy plane. 

The solution of this integral is 

. (n D y sin a \ 

s,n Hr—) 

E (a) = 


| 7 T D y sin a j 


This pattern is often plotted in terms of a coordinate designa¬ 
ted u y defined as 

n D y sin a 


u= 

A 

so that the solution of the integral is written as 

% sin u 
£(»)•=—■ 

At m= 0, this expression is indeterminate so that, by differen¬ 
tial calculus, it can be shown that 
Lim cos u du 
w->0 E ( u) 

or at //=0, E (i#)=l which is maximum value of E (u) so that 
normalised field is 

£ (w) sin u 


= 1 


E„ (u) 


E(u) | u . 0 


At M= 7T, 2 n, 3rr etc., £„ (u)=0. Therefore these values of 
u give null directions. At m=3tt/2, 5tt/ 2, 7^/2, secondary maxima 
occur. 

In order to secure greater directivity, a waveguide can be 
flared out to form an electro magnetic horn. There can be various 
types of hoin antennas e.g. t rectangular horns, circular horns. In 
fig. 48 only rectangular horns are shown. Rectangular horns are 
fed from rectangular waveguides. 

Such radiators concentrate the radiated wave into a sharply 
defined pattern and are capable of giving highly directional pat¬ 
terns when the mouth of the guide has a dimension large compa¬ 
red with wavelength. At microwave frequencies (A=l cm.), horns 
become practical because since then a dimension large compared 
with wavelength does not involve excessive physical size. 

A rectangular guide flared out in one plane only constitutes 
a sectoral horn, whereas a guide flared out in both the planes 
forms a pyramidal horn as shown figs. 48 (a), ( b) and (c). 

Assume that rectangular wave-guide is operating in TEu o 
mode (E in ^-direction or vertical and H in ^-direction or hori¬ 
zontal). Then horn shown in fig. 48 (a) is flared out in H plane 
and is therefore called a sectoral horn flared in //-plane or simply 
//-plane sectoral horn. Similarly, horn, shown in fig. 48 (b) is 
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Hared out in £-pIane and is 
named as £-p!ane sectoral horn. 
When horn is flared in both 
planes, it is called pyramidal 
horn. 

The field pattern obtained 
by exciting a horn radiator is 
determined by the shape and 
dimensions of the mouth measu¬ 
red in wavelengths, and the 
variations in the magnitude and 
phase of the field distribution 
produced across the mouth of 
the horn. The nature of the 
field distribution across the 
mouth opening is determined by 
the horn's shape and by the 
mode of excitation. The relative 
phases of the field at different 
parts of the mouth are deter¬ 
mined by the relative distances 
of different parts of the opening 
from the throat to the horn and 
are also influenced by the mode 
of excitation where higher order 
modes arc involved. 




Fig. 48 Types of rectangular horn 
antenna. Arrows on the 
aperture indicate the 
electric field E. 


Optimum Horn Dimensions : It has been observed experimen¬ 
tally that the directivity of horn, for given aperture dimensions, is 
maximum if the field distribution over the aperture is uniform. 
Variations in magnitude or phase of field across the aperture 
decreases the directivity (or increases the bcamwidth and side 
lobes). 

To obtain uniform field distribution across the aperture, a 
very long horn with small flare angle is required, hut a long horn 
is not convenient from practical stand point. Therefore, an appro¬ 
ximate horn length that compromises well with directivity require¬ 
ment and practical convenience is chosen. Such a horn is called 
an optimum horn. To calculate the dimensions of optimum horn, 
wc proceed as follows : 

Let us consider the longitudinal section of sectoral // plane 
horn as shown in fig. 49. Let 

L be the axial length of horn (from throat to the aperture), 

<f >o be the total flare angle, (it is in horizontal plane), 

A be the aperture, 

$ be the difference in path length of the two waves-one 
reaching aperture at the axial point and the other reaching 
aperture at the side of horn. 
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Field distribution over the entire aperture is uniform provided 
S is only a very small fraction of a wavelength. For a constant 
length L, the directivity of horn increases as the aperture A and 
flare angle <j> 0 are increased. If the flare angle is not very large, 
then the ratio 



so that the wave that reaches the axial point and the side point 
of the aperture do not have any significant phase difference and 
the effect of 8 on the distribution of field magnitude over the 
aperture can be neglected. However, if A and are so large as to 
make B equivalent to 180° electrical degrees, the phase of the 
wave reaching the side point will be reversed compared to the 
phase of the wave reaching the axial point of the aperture. This 
results in the decrease of directivity, increasing thereby the beam- 
width and side lobes. The maximum directivity accurs at the 
largest flare angle for which 5 does not exceed a certain value (8 0 ). 
Thus the optimum horn dimensions can be related by 


or 

1+8. C0S *» /2 

S ° COS rf>J2 L 

•••(I) 

or 

S„ cos <j.J 2 

1— cos 4> 0 /2 

-(2) 

or 

u 2«- 

...(3) 


These relations determine the optimum horn dimensions. The 
volueof8 0 usually preferred lies in the range of 01 to 0 4 free 
space wavelength.* Suppose we want to calculate the flare angle 


•Since wavelength in horn x A depends upon the horn dimensions, it is 
more convenient to express $ 0 in terms of free space wavelength x. 
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for the maximum directivity of a 10 wavelength optimum horn 
(Z.= I0A) with S 0 =0 25A then from equation (3), we have 

= 26°. 

We can estimate length L of the horn Guides are preferred 
at and above 30,000 mc/s. So that A is 10 cm. This means flared 
length will be only 10 cm. in the case of L= 1CA. 

Field Patterns : In fig. 50 (a) and 50 (b) ; E plane cross section 
and // plane cross section are shown respectively. 0„ is the total 
flare angle in E plane (vertical plane) and 4> 0 is the total flare angle 
in H plane (horizontal plane). Let ,4* and A H denote the apertures 
in E plane and // plane respectively and guide is excited in TE lt$ 
mode. 

When the aperture in both planes of a rectangular horn exceeds 
one wavelength, the pattern in one plane is substantially indepen¬ 
dent of the aperture in other plane. This means that // plane 
patterns of a // plane sectoral horn fig. 48 (a) and a pyramidal 
horn with the same H plane cross section, fig. 48 (c), will be the 
same. Same is true for E plane patterns. 




Fig. 50. 



Fi 8 . 51. la,. Measured £and // plane pacterns of rec.an„ular horn 
operating in TE 1 . 0 mode, as a function of horn length. 
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£ ft M 


«=5 


ff=8\ 


ffPLANE 


p:_ C, Measured E and H plane patterns of rectangular horns, 

F ' g - 51 ' ( > ' opTrSin TE l , mode, as a function of date angle. 

Measured patterns in E plane and H plane are compared as 
Measuredi put function of corresponding 

a function of Am 6g..51 W “ , n fig 5 , (a) it is t0 be note d 

tha't £ planeVtte/ns have minor lobes whereas H plane patterns 

b.™ 5»t ItaM* inside U» £ipfe. ho,, 

arc given, in therms of cylindrical coordinates (r, 0, z\ by 

£,=£, cosg)w> (*r)+W> (Mi 

sin (-) [ft* (*r)+W> (*'» 
cos (-) [// 0 ,5) (*r)+AW , >(*r)] 

/xw \W / 

where /T|=complex constant, 

/T 2 =ratio of reflected to incident wave amplitudes at a 
point in the horn. 

-jH?n 

h»= height of horn, 

w =2fl/, 

//„(*)=Hankel function of first kind and zero order, 
// 0 <*>=Hankel function of second kind and zero order, 
//,(»=Hankel function of first kind and first order, 

//j(2)=Hankel function of second kind and first order. 

32 20 SELF AND MUTUAL IMPEDANCES OF ANTENNAS : 
The impedance presented by an antenna to a transmission line 



Antenna 


1333 


is termed as terminal or driving point impedance. If the antenna is 
remote from ground or other objects and is lossless then this impe¬ 
dance is the same as the self impedance of the antenna. This impe¬ 
dance has both reactive and resistive components, respectively 
termed as self reactance and self resistance (radiation resistance). 
In case the antenna is not isolated but is placed in the vicinity of 
another antenna then the two act as if they are coupled. Mutual 
impedance then comes into play. The magnitude and phase angle 
of mutual impedance depend upon spacing and geometrical con¬ 
figuration of the two antenna systems. 

We shall use induced e.m.f. method to determine the self 
impedance of an antenna. In this method the electric field E» pro¬ 
duced parallel to the antenna by a known (or assumed) current dis¬ 
tribution is calculated and used to compute the voltage E : dz 
induced in each element dz of the antenna. Then the reciprocity 
theorem is invoked to determinethe voltage at the antennas termi¬ 
nals. The reciprocity theorem may be stated as follows : If an 
e. m.f is applied to the terminals of antenna A and the current is 
measured at the terminals of another antenna B , then an ei/aal current 
(in both amplitude and phase) will be obtained at terminals of 
antenna A if the same e. m. /. is applied to the terminals of antenna 
B. Therefore 


Va _ 7 


7 Vn 

n4 — • 




where Z A d or Zba is termed as transfer impedance. 


It is, however, assumed that c.m.fs. arc of the same frequency 
and that the medium is linear, passive, and also isotropic. 1 he 
reciprocity theorem holds not only for two separate antennas but 
also for two points on the same antenna. 

SELF-IMPEDANCE OF A THIN LINEAR ANTENNA : 


A centre fed linear A/2 antenna with sinusoidal current distri¬ 
bution is shown in the figure 52. 

The current distribution along the 
length of the antenna is given by 

Is--It sin pz. ...(I) 

Obviously we are considering only 
those lengths for which at centre point /. = /1 
that is odd multiple of A/2. The assumed 
current distribution is then symmetrical with 
a current maximum at the terminals. 

Suppose Vn is the e.m.f. applied at the 
terminals of the antenna, producing a current 
J x at a distance z from the lower end. Then 
transfer impedance Z X: is 




(2) 
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Let the applied field at the antenna and parallel to it be £*. 
This is the field produced by the own current of the antenna. This 
field induces a field E xi at the conductor such that the boundary 
conditions are satisfied. For a perfect conductors these are ; that 
the total field is zero or that 

Ez+E„=0 


and therefore, 

E : i =—£;. •••P) 

The e m.f. dV t produced by the induced field over a length dz 
is —Ez dz. 

or dV x = —E; dz. -< 4 ) 

If the antenna is short-circuited this c.m f. will produce a cur¬ 
rent dli at the terminals. Then the transfer impedance Z zX is given 
by 

z "=?7' "• (5) 

According to reciprocity theorem, 

£ l =Z,,=Z,== ...(6) 

and ' Vn dh - I,E, dz. 


The driving point or terminal impedance is then 

z„=- (7) 


Since it is constant and independent of current amplitude 
(system being linear), we can write 


7 dV xx 

z,,= "3/r 

■••(8) 

y„ dv xx 


or i, dir 

giving y xx dI x =dV xx /,. 

..(9) 

On applying equation (6), we get 


dV\l — ~J^ E; dz. 

or V n =-j-^ I.Ezdz , 

...(10) 

...(ID 


where the integration is carried over the length of the antenna. 
Therefore terminal impedance is 

Z„=^' = -^£...(12) 

Since the antenna is isolated Z„ is called the self-impedance. 
Putting the value of I : from eq. (1), we get 
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1 ( L 

Zn =—— E : sin pz dz. 

h Jo 


...(13) 


As slated earlier E : is the field produced at the antenna by its 
own current, we denote it by £„ in place of E : , so that 


1 [ L 

Z„=- 7 -j £„ sin flz dz. 


...(14) 


which is the final expression for the calculation of self impedance 
provided we put in it the expression for £„ which is yet to be cal¬ 
culated. 

Calculation of E,i : If V be retarded scalar potential due to 
the charges on the antenna and A the retarded vector potential, 
then electric field is 

E— SjV-jwk 


or 


E,= -y-Ju>A s . 


...(15) 


Wc have shown in the article on current element that 
a ( idl 

which for the present case be- * 


comes 


A { 




From equation (I), including 
retarded time factor, weean write 
/r,=/i sin /fc, 
so that 

[ L J 2l 

4" Jo r 

>7| e'~‘ f‘ g-^c.yQ-fM.y o 



The scalar potential V at any point is given by 

where p is the volume charge density. In the case of wire it can 
be reduced to 


Jo r 


relation^ * S linC3r chargc dcnsil y on thc wire. From continuity 


(dhi 


f. 
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jli e l "‘( L cos fa e ~ i?r 


An€C 


l 


dz 


in which we have put -j=c. Therefore 

PL ~ 8nfC Jo r 

Putting equations (16) and (17) in equation (15), we get 

r Jht* [ L U t-W+Wl 1 dzr 

b, ~ 8 ntc J 0 dzl r J 

. ... (Af • % 10/ - 


^ />»j L p-WO-eWyO j dZi 


where 


“ 477CC V r l f2 / 

r r l Zi_ z | at lhc anlcnna - 
Putting these values of r, and r„ we write finally for the 
field at the antenna due to its own current, as 

[ g-Jfiz p-ml-i) 1 

~r + l-z J 

in which we have put 

120» 


...(19) 


I 


=30 


7TCC 4w 

and *'•"= l, the absolute value. 

Calculation of self impedance : We now put equation (19) into 
couation (14) to find the value of self impedance. Therefore, 

4 tirg-ih e -w-*n . 

Z.,-7 30 J o [— + - T=7 -Jsm^*. -(20) 

As already written, we have taken odd multiple of A/2 as the 
length of the antenna. Therefore, 

£.=nA/2, n=l,3,5... 

and then 

so that equation (20) becomes 

- s r. * 

fL 1 _ 0-2/6.- fL 1 —. e *i£: 

= 15j o —-—rfr-fisj L _7 ~ dz% —t 21 ) 

In the first integral let 

u=2fiz or du=2pd: 
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so that 




L J __g-2 ifiz 


dz 




nn ] _£“/« 


Jo * 

In the second integral let 

v=2p(L-z) or dv=-2pdz 

so that 

__ e t(tnn-r) 


du....( 22) 


-V-iS—L- . 

-r-' 


dv 


..(23) 


Since equations (22) and (23) are definite integrals of indent!- 
cal form and as their limits are the same, they are equal. Hence 
equation (21) becomes 

] — e -‘ u . 

0 J "' 

Putting a i=ju, we get 

which is an exponent“ial integral with imaginary argument. It is 
designated by Ein ( jy ), where y-2w. Thus 


tiy i 

Ein (y»=J o - 


—e 


dot 


O) 


where Cin (y) and "vly) denote the cosine and sine integrals res- 

ST S,,V Si (yy)=0-577+log, y—Ci M+jSi (y). 

Putting this value in equation (24), we get 

=30 (0 577 I log! y-Ci (y)+JSI (2m)) ohms....(25) 
Therefore the self resistance is 

Z "=30 [0-577+log, (2«n)-Ci (2»«)l ohms. ...(26) 
and the self reactance is 

X,,=30 Si (2 nn) ohms. . (27) 

Equations (26) and (27) are the final results desired. By 
applying these to any odd value of n. we can calculate self resis¬ 
tance and self reactance of that antenna length. For example, for 
one half wavelength antenna (n=l), 

R„ = 30 Cin (2n) 
and Xn — 30 SI (2n) 

Evaluating these two integrals we can show that 
Z»=«„+3^,i=73+;42-5 ohms. 

For the antenna to be resonant one Xu should be zero which 
can be achieved by shortening the antenna a few percent. 
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For n= 3, the f wavelength antenna, the self impedance can 
be shown to be 

Zu=30 [Cin (6n)+jSi (6»r)) 

= I05*5+;45-5 ohms. 

For large value of n, the self resistance expression (26) approa¬ 
ches the value 

*i,=30 [0 577-Hog, (2 wn)] 

because Ci {Inn) approaches zero. Thus, with increasing n t self 
resistance continues to increase at a logarithmic rate. 

MUTUAL IMPEDANCE : 

In coupled circuits mutual impedance is defined as the 
negative ratio of the e.m.f. K 2 , induced in circuit 2 to the current 
/, flowing in circuit 1 with circuit 2 open. That is, 

7 _ 

'-Il-T 


A 


We consider to parallel coupled antennas shown in fig. 54 (a) : 


Suppose a current J x in antenna 1 
induces an e.m.f. V tl at the open terminals 
of antenna 2. Then the ratio of — V 2X to I x 
is the mutual impedance Z 21 . Thus 


7 -Zh' 

Z *'--7T 






•••( 28 ) <£l, % 


If the generator is connected to the 
antenna 2, then by reciprocity theorem 

2i,=“—r- 1 * ...(29) 


/. 


Thus 


Z„=Z,.= 


— V, 


12 


Fig. 54. (a) 

...(30) 


“ V tl 

— —i—.t- h 

For the calculation of Z iXt we require K 21 and I x . Refer to 
equation (11) in which — V lx is the e.m.f. induced in an antenna 
by its own current. To find V tx the e.m.f. induced at the open 
terminals of antenna 2 by the current in antenna 1, we get 

E: = E« X 

Vn=-V« 

and /j=/ 2 

in equation (11), so that 

1 f L 

Vn-jJjiEndz 

where l, is the maximum current and /. the value at a distance z 
from the lower end of antenna 2 with its terminals closed, and 
where E> x is the electric field along antenna 2 produced by the 
current in antenna 1. Assuming that this current distribution is 
sinusoidal, i.e. 


l;=h sin 0z, 
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we can write 


then 


Pn=Jo Eti sin pz dz 


— V. 


-n 


si 


/i 


I [ L 

■ T I E x sin pz dz 
*1 Jo 


tz 


We shall use this expression to calculate the mutual impedence 
of parallel antenna placed side by side. 

We have from figure 54 (b), 

and r 2 = y/{d*+(L-z?) 
so that mutual impedance is 

-y/w+2*] 




Vtf'+z*) 


e yr v i— i •/ j-j 

+ -7i^+u-z)«] y inf,zd: 


L 




e 

/ f 
1 * 

L 

w 

r 


! 2 

-- 


Fig. 54. (b) 


=30 [2£i (-jpd)-Ei {-jp (y/(d*+L')+L)) 

. k ... , -£/{-y/MV(^+Z. 2 )-/.)}) 

where the exponential integral 

EH±jy)=Ci(y)±jSHy) 

Thus, the mutual resistance is 

* 2 , = 30 (2Ci (pd)-Ci Ip (V(^+r-)+L)| 

-Ci{pW(dHL*)-L)}) 

and the mutual reactance is 

^2i =—30 (25/ {pd)-Si [p(y/(dHLS)+L)) 

-Si\p(y/(d'+L')-L))\. 

where 

Ell +7*^21 ~^t\—Ex2-\-jX\2 

Fxample. A vertical half wave parasitic antenna is placed at a 
fixed distance in the vicinity of another similar antenna fed with 20 
volts. The radiation resistance of half wave resonant antenna is 
73 ohms. Mutual impedance for this spacing of the system is 
(SO—jIS) ohms. Calculate the radiation intensity in the horizontal 
plane for the pair along the direction of maximum radiation. 

If Z„ denotes the impedance of primary antenna, then the 
power radiated by first (primary) antenna 

/WrZn+M/sZ,*), 

where /* is the current (lowing in the second antenna. 

If Z„ denotes the impedance of the second antenna, then the 
power radiated hy antenna 2 will be 

Z > 2=/ > 2 Z m +/2 (ZiZ, 2 ) 

So the total power radiated by the system is 
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...( 1 ) 


/>=/>,+/>, 

= /l 2 Zii-J-/ 2 2 Z* 2 + 2/1/2Z12. 

In the question, the mutual impedance is given by 
Z lt =50-;I8 

Say Zi 2 =r e~'*=r cos 6—ir sin 0 ; then comparing with its 
given value we should have 

r=V(50 2 +18 2 )=53i 


only 


‘an 0=11 


0=19-8°. 

Thus Z is =53i L (—19*8). 

Since the phase difference in l x and I 2 is 90°, they can be 
represented as 

/,=/2 L 90 

or /,=/, L (-90). 

Now we calculate the values of Pi and P t from the relations 
deduced previously, i.e. 

Pi-Znh'+h (hZit) 

=73 V+/ 1./1 £(-90) 53-1 Z.(—19*8) 

-/ 1 * [73+53-1 cos 109-8). 

We have considered only the real part because we are con¬ 
cerned with resistive impedance of the antenna system. Thus 
/>,=/,* [73+53*1 x(—33874)] 

= 54-95/, 2 

Similarly, />,=/,* [73+53 1 /_ (90-19 8)] 

=/* 2 [73+53-1 cos 70-2)) 

=9105/,*. 

Thus total power radiated by the coupled system is 
P=Pi+Pi 

=(54-95+91 05) A 2 if | /, |=|/2 | 

= 146/i 2 


- (i)' 


... 20x20 „ 

= 146X 733T73 WatlS 
= 10-95 watts. 


32 21. ANTENNA MEASUREMENTS : 

In this article we shall discuss the measurements of 
(0 total resistance of aerial, 

(//) radiation resistance and 
(Hi) effective height. 

(i) Total aerial resistance measurements : The methods, 
generally adopted for the measurement of total aerial resistance, 
are given below : 

(a) resistance variation method, 
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(b) substitution method, and 

(c) ammeter and voltmeter method. 

We shall describe the first two methods: 


(a) Resistance Variation 
Method: An equivalent A/4 aerial 
is shown in figure 55 (a). A 
thermo-ammeter A and a known 
resistance Ri which must be non- 
inductive and non-capacitive are 
connected to earth lead of the 
aerial. 

By means of switch S t /?, 
can be introduced into the cir¬ 
cuit or shunted off. Carrier 
wave oscillator is loosely coupled 
to a small coil L. We proceed as 
follows: 



Fig. 55 (fl). Measurement of acria 
resistance. 


(/) First short-circuit re- 

in .his case be /. and «o.a, 
effective resistance of aerial be fc„ tnen 


ll Re 

where e is Ihe voltage induced in (he coil. 

/,-,•> m ow switch R, into the circuit, so that aerial current tails 
to some 3Z value, say, /,. Since the aerial is resonant, wc may 
write 

/l= «7+7T 

Therefore from first and second relations, wc have 

_/, R,+R< [ 

/," R< 

R, being known resistance. R, can be calculated. 

(b ) Substitution method : Fig. 55 (h) represents an equivalent 

A/4 ""‘this method, an artificial aerial is substituted in place of an 
actual aerial with the help of a change over switch. When switch 
is chanced n actual aerial direction, then the latter has its circuit 
“ IO earth through ammeter A and coupling coil. 

Secondly if the switch is changed over in other direction, then 
substitute aerial comes into the circuit. 

The procedure is to obtain the same current value in ammeter 
•A- with actual and artificial aerials separately with a given mpu 
from carrier wave oscillator. First with a given mpu , the current 
is noted for the actual aerial being in the circuit. Now switch is 
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Fig. 55 (b). Measurement of aerial resistance (substitution method). 

changed over so as to introduce the substitute aerial. The cons¬ 
tants of this circuit arc adjusted to give the same value of current. 
If artificial aerial components are calibrated, aerial resistance and 
aerial capacity can be read directly. It is necessary that the 
resistance of artificial circuit should be non-inductive and non- 
capacitivc and capacity itself should be pure. 

(ii) Measurement of Radiation Resistance : The radiation 
resistance of test antenna (resonant) is measured in terms of some 
standard antenna constants by employing a reflection method. 

Consider that a half-wavelength resonant antenna 1 under test 
is placed in the field of transmitting antenna. The reflected power, 
received by another antenna is measured. The power radiated by 
the antenna under test is 


where 


c ^ to-/,,) 8 

Fl=K ~R l —’ 



E ,=field of transmitting antenna at the antenna I under 
test, 


/ a —effective length of resonant test antenna I, 

A, —radiation resistance of resonant test antenna I, 
A'=constant involving the distance between antennas. 


Antewa 

test 



Receiver 



Fig. 55 (c). Measurement of radiation resistance by reflection method. 

Now we take some standard half-wavelength resonant antenna 
2 (/.<>., whose radiation resistance R 2 is known) of different thick¬ 
ness and hence different effective length /„, but substantially of the 
same pattern. The reflected power by this antenna 2 will be 
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p _ is (EM* 

p *- k ~rT~ 


-.( 2 ) 


where l et =effective length of antenna 2, 

R 2 =radiation resistance of antenna 2, 

Af=same constant as in previous case with test antenna. 
Thus from equations (I) and (2), we get 


P*_P}_ (!z*\ 

Ri~Pt \ij 


...(3) 


Assuming the small changes in length, the effective length is 
proportional to the physical length /, of antenna I and I, of 
antenna 2, we write 


*rK i/i y 


Pi 


...(4) 


The ratio ‘— l can be measured in terms of the ratio | 

where = voltage received when test antenna 1 is observed. 

F 2 =voltage received when standard antenna 2 is observed. 

Thus R x 




The right-hand side being known, the radiation resistance 7?, 
of antenna 1 can be calculated. 

(iii) Effective Height Determination : in equation (3) of art. 
32’9 it has been shown that 


6 = 


377 I, 


A r 

effective 


volt/mcter. 


From this relation 
height can be calculated since 

•••<» 

In order to calculate effective 
height, we measure the field strength 
6 at a point distant 5A from the 
transmitter. The accuracy of effective 
height determination will thus de¬ 
pend upon the accuracy with which 
field-strength is measured. Field 
strength measurment is usually acco¬ 
mplished by means of loop aerial. 

The signals are received on the loop 
aerial tuned by a condenser and 
having a thermo milliammetcr as 
shown in fig. 55 (J). 

It can be shown that e.m.f. induced 
given by 



Fig. 55. (d) Measurement 
of effective height. 

in the loop aerial is 
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2t wAS 
A ’ 

where A is area of the loop. 

This loop e.m.f. will produce a resonant current / determined 
by the resistance of the circuit and is given by 

e=IR 

Therefore, e=IR=^j ^. •••(<>) 

Thus by measuring either / if £ is large or induced voltage e 
if 6 is small, value of field strength can be determined. Then by 
using relation (5) effective height is calculated. 

32*22. BROAD BAND ANTENNA PRINCIPLES : 

First we shall explain how the input impedance and pattern 
properties of an antenna change with the change in frequency. 
Conventional antennas are essentially resonant structures. Their 
properties exhibit maxima and minima at particular frequencies. 
For example, we consider centre fed half wave antenna. At the 
frequency at which its length is approximately (accounting for end 
effects) a half wavelength, the reactive component of input impe¬ 
dance is minimum (zero) [that is, input impedance is purely resis¬ 
tive]. This frequency is called resonant frequency. Below this 
frequency antenna impedance becomes capacitive and above it, 
impedance becomes inductive [Refer to impedance curves of open 
ended transmission line remembering that a half wavelength 
antenna corresponds to a quarter wave open circuited transmission 
line]. At even multiple of this frequency input reactance is maxi¬ 
mum, and minimum at an odd multiple of this frequency. Thus 
with frequency variation, input impedance goes through maximum 
and minimum values. Similarly, the radiation which is maximum 
in the direction perpendicular to the dipole when length is A/2 also 
goes through successive maxima and minima when the frequency 
is increased. Since this pattern property does not exhibit same 
nature of variation instep with the variation in input impedance 
with the increase in frequency, we shall consider pattern and 
impedance bandwidths separately. 

At the lower frequencies ELF (below 3 kc/s), KIF(3-30 kc/s) 
and LF (30-300 kc/s), efficiency is the main requirement. Although 
antennas in these frequency ranges are quite large physically, they 
fall in the class of electrically small antennas because of the large 
dimensions of a wavelength. At MF (300 Kc/s—3 Mc/s) which 
include ‘broadcast band’, tower antennas are frequently employed 
in case where efficiency is the prime factor, and arrays of towers 
are employed if directivity is desired. For reception in this band 
efficiency is unimportant and relatively short wire antennas suffice. 
At HF (3-30 Mc/s), VHF( 30-300 Mc/s) and UHF(300 Mc/s-3Gc/s) 
elevated wires and rods are used and arrays of such antennas are 
designed to provide more directivity. At such frequencies, the ope • 
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ration over a large bandwidth is often required (say from 54—890 
Mc/s), the due consideration is to be given while designing the 
antenna or array, to maintain desired impedance and pattern chara¬ 
cteristics over a wide band of frequencies. At SHF (3-30 Gc/s), 
aperature antennas are employed. At such frequencies the antenna 
design considerations include the production of a narrow beam- 
width with low side lobe level, and maintenance of the desired radi¬ 
ation pattern characteristics over a wide range of frequencies. 

In television transmitting systems it is necessary that the impe¬ 
dance match between the antenna and the transmission line lead¬ 
ing from the transmitter be good enough to keep the reflection co¬ 
efficient to within a very small value throughout the frequency 
band covered by the television signal. This bandwidth is of the 
order of 5 mc/s in typical systems, and with the assigned televi¬ 
sion channels, is of the order of 10 to 15 percent of the carrier 
frequency. The maximum allowed reflection coefficient that can be 
tolerated is of the order of 5 percent, which means that the vector 
impedance must not vary more than ±10 percent from the mean 
value. Hence when the magnitude of the impedance is substantially 
constant over the band, the reactive component of the impedance 
must never exceed 10 % of the resistive component. 

Bandwidth of an antenna : It is the range of frequencies over 
which the antenna maintains certain required impedance, pattern 
characteristics. If an antenna were capable of operating satisfac¬ 
torily from a minimum frequency of 195 mc/s to maximum 
frequency of 205 mc/s, its bandwidth would he It) mc/s. It would 
also be said to have 5 percent bandwidth defined as 

actual bandwidth in mc/s ^ 
centre Ircqucncy of the band 

5 percent bandwidth may be con^dcrcd a moderate bandwidth. 

The design of an antenna which is required to operate only 
at a fixed frequency with a signal that is narrow in its bandwidth 
docs not pose any bandwidth problem. But some applications 
require much greater bandwidth*. In the case of frequency modu¬ 
lated waves, width of frequency spectrum that contains all com¬ 
ponents having an amplitude equal to or greater than one percent 
of the amplitude ol unmodulated wave is defined as bandwidth. 
Suppose a given wave has n significant side frequency pairs then 
bandwidth is equal to liW—2n 

Television signals have a bandwidth equal to 4 me sand there 
fore a television intermediate frequency amplifier must have a band¬ 
width of approximately 4 me/s in order to pass all frequency com¬ 
ponents of a television signal. By the same reason, a television 
transmitting antenna must also have atleast this bandwidth. A 
television receiving antenna, on the otherhand. must have suffi¬ 
cient bandwidth to receive all the channels to which the receiving 
set can be tuned. 
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The bandwidth is classified into two categories according to 
the parameters involved. They are 

(а) pattern bandwidth 

(б) impedance bandwidth. 

In pattern bandwidth, antenna would maintain satisfactorily 
the parameters-bandwidth, gain, side-lobe level, beam direction, 
and polarization over that specified range of frequencies (called 
bandwidth); whereas in impedance bandwidth, associated para¬ 
meters are input impedance, radiation resistance and efficiency 
that are satisfactorily maintained by the antenna while operating 
in that specified range of frequencies. 

The definition of the antenna bandwidth is less precise than 
the definition of other parameters due to the fact that there fc no 
established criterion of ‘satisfactory* operation. In some applica¬ 
tions, for example, an impedance variation of a factor of 2 over 
the operation frequency band may be acceptable, whereas in other 
applications only a 10 percent variation may be tolerated. 

Basic Broad-Band Principles : If a resonant circuit is loaded* 
by connecting or coupling a dissipative element (e.g., a resistor) to 
it, then 

would decrease. Decrease in Q implies increase in bandwidth 
i.e. sharpness of resonance, amplitude of variation of impedance 
and other properties will be reduced. This method of loading, 
however, decreases antenna efficiency, It is used in terminated 
rhombic and V antennas. However, resistive loading is unneces¬ 
sary when ground losses and other conductor losses reduce the Q 
sufficiently. 

At higher frequencies, conductor losses being low, simple 
antennas do not have adequate bandwidth. But at these frequen¬ 
cies, deliberate loading with resistance is seldom used. The 
methods employed to improve bandwidth are divided into two 
classes: those that apply to basic radiators, and those that apply 
to complex antennas such as arrays, reflector-feed combinations 
and lens antennas. The methods that apply to basic radiators, such 
as dipoles, are mostly geometric in nature. That is, bandwidth is 
increased by using certain shapes and certain size ratios. This 
method has helped in the development of the log-periodic 
antennas, or frequency independent antennas. Other methods 
apply to complex antennas. Sometimes it is possible to combine 
elements whose variations of impedance or other properties are 
complementary in such a way that they tend to offset each other, 
as the frequency is increased. We shall, for example, discuss here 
that how increased bandwidth is achieved by a folded dipole. 

Folded Dipole : A folded dipole is preferred over a simple 
dipole due to the following two advantages: 
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(0 it provides high input impedance for best matching with 
the feed which may be a two wire transmission line, and 

(/'/) the bandwidth is increased. 

We shall now explain how the above characteristics arc 
achieved : 

O') High Input impedance : A simple dipole has an input 
impedance that is too low for direct connection to an ordinary 
open wire transmission line. For example, a simple halfwave dipole 
will provide 73 ohms as the input resistance and the transmission 
lines have characteristic impedance of the order of not less than 
300 ohms. Therefore, for best matching, the line should be 
terminated by an impedance equal to 300 ohms otherwise reflec¬ 
tions on the line would occur. Therefore, with simple dipole, some 
sort of impedance matching arrangement is required if the desir¬ 
able condition of no standing wave on the line is required. How¬ 
ever, with folded dipole no such arrangement is required because 
it offers a high input impedance. 

A folded dipole is shown in the fig. 56. It consists of two half 
wave radiators very close to each other 
and connected together at top and bottom. 

From the point of view of antenna cur¬ 
rents or radiating currents, the two ele¬ 
ments arc in parallel and if their diame¬ 
ters are the same, the currents in the ele¬ 
ments will be equal and in the same 
direction. If I amp. current flows in each 
element (at the centre) the total effective 
current is 2/ amp, so that the power 
radiated will be 

(2/)* R„,j ^ 4 x 73/*. 

Therefore input resistance 
will be 4x73 ohms. That is 4 
times that of a simple dipole. 

(//) Increased Bandwidth : In 
fig. 57 {a) a simple half wave 
dipole connected at its input 
terminals to a shorted quarter 
wave transmission line is shown. 

We shall explain how this 
arrangement maintains the input 
resistance at its value when the 
frequency is changed above or 
below the resonance. That is how 
such an arrangement reduces 
the input impedance variations 
with the variation in frequency 
or in other words impedance 
bandwidth is increased. 

Let us first remember that 


Fit;. 56 A folded dipole. 
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57 (,i) Simple x/2 dipole con¬ 
nected at this input to u 
shorted quarter wave 
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/,—transmission line 
current. 



Hand Book of Electronics 


1348 

for a short circuited transmission A/4 line, below resonance, input 
impedance becomes inductive and above resonance, input impe¬ 
dance becomes capacitive. But for A/2 dipole which is equivalent 
to a open circuited A/4 line, this impedance variation is in reverse 
order that is, below resonance its input impedance will become 
capacitive whereas above resonance it will be inductive. 

Now we discuss the arrangement shown in fig. 57 (a) that how 
the antenna impedance and transmission line impedance compen¬ 
sate the variations of each other frequency in order to leave input 
impedance of the system at resonant frequency unaffected. At the 
resonant frequency, the dipole resistance is in parallel with the in¬ 
put impedance of the transmission line, which is a resistance ot 
very high value.* Below resonance, the antenna impedance becomes 
capacitive, but the transmission line impedance becomes inductive 
and the parallel combination tends to remain nearer unity power 
factor than does the antenna alone. Conversely, above resonance 
the antenna impedance becomes inductive and the transmission 
line impedance becomes capacitive so that compensation is again 
obiained. Although compensation is far from perfect because the 
susceptances are not equal and opposite, yet the frequency is 
shifted far enough in either direction from the resonant frequency 
of the dipole, a point of perfect susceptance compensation (where 
the input impedance is a pure resistance) is again obtained. 

The above considerations apply directly to the folded dipole 
of fig. 57 ( b) which has the stub line as a built in feature. The ele¬ 
ments of the folded dipole then carry both, the antenna currents, 
which are in the same direction in the two elements, and the 
transmission line currents, which are in opposite directions in the 
two elements of dipole. The antenna currents 

/.£ = JL 

‘ Rn, AR rad 

in each element at the centre are relatively large at the resonant 
frequency whereas transmission line currents are zero at the centre, 

but have the value 7, = -^- at the ends, where Z 0 , is the charac- 

ZZ.QI 

teristic impedance of each of the two shorted A/4 transmission line 
sections. 

Thus with folded dipole, input impedance is maintained subs¬ 
tantially constant over a large band of frequencies. This leads to 
the better matching between the transmission line and antenna 
over the wide range of frequencies. 


•The input impedance of a short circuited line is given by 
Z,=jZ 0 tan ps. 

For s= A/4, 

Zs= a), 


that is very high. 
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Multi element Folded Dipole : 

The additional step up of the simple 
dipole impedance may be obtained by add¬ 
ing more “folded" conductors. A three 
wire folded dipole is shown in fig. 58 Its 
input impedance is approximately 9 times 
that of a single dipole w hich is 73 ohms. 

The step up ratio may be altered by mak¬ 
ing the folded conductors of different size 
from the basic conductor. 

A typical folded dipole for TV recep- Fig 58 A three wire 
tion is made of aluminium or plated steel folded dipole 

tubing J to $ inch in diameter. Since the dipole length is perhaps 
2 or 4 teet, tubing of this size provides necessary stiffness and 
strength to make it self supporting. 

Even the folded dipoles of the type discussed above are in¬ 
adequate to meet the rigid requirements of a high grade television 
transmitter with a 50 mc/s carrier. By combining two folded 
dipoles in a turnstile array, still fuither improvement is possible. 

Superturnstile Antenna : A broad band dipole frequently 
used as the element of a TV transmitting array, known as the 
superturnstile, is shown in the 
fig. 59. This element is partly 
a dipole and partly a slotted 
sheet antenna. The slot is verti¬ 
cal and the dipole horizontal ; 
hence the polarization is 
horizontal. It is fed by a 
balanced line at the centre ol 
the slot. The input impedance 
is about 75 ohms This radia¬ 
tor has a 30 to 35% impedance 
bandwidth for a voltage standing wave ratio not exceeding .* I ; I. 
Its broad band properties stem partly fiom large dipole width and 
partly from the fact that the dipole and the slot have complemen¬ 
tary impedance variation characteristics that tend to offset each 
other as the frequency is varied. 

32 23. PRACTICAL TRANSMITTING ANTENNAS : 

(1) Transmitting antennas for frequencies below 5(10 kc. 
(Low frequency range): For the t ansmission ol low' radio frequen¬ 
cies grounded vertical wire type antennas aie used. Such an 
antenna consists of fiat top, usually ai ranged in the form of an 
inverted L or a 7*, and sufficiently large so that its capacity to 
ground is much greater as compared to the capacity between ver¬ 
tical wire and ground. Due to the latter cause, the effective height 
and the actual height of the transmuting antenna ate nearly equal. 
This, on the other hand, increases the radiation efficiency. 


H—-0 54—H 



Fig 5‘> 
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At low frequencies radiation resistance is usually very low 
because the antenna height is only a small fraction of wavelength. 
Due to this reason power radiated by low radio frequency antenna 
is also low and therefore to enable the antenna to radiate even 
small fraction of the energy supplied, losses should be reduced to 
minimum. The impedance losses occur in the ground, in the an¬ 
tenna tuning inductance, in the insulation of the conductors. 

For the elimination of night effect, vertical tower radiators 
are used at such frequency ranges. 

The Adcock type uses base insulated and self-supporting 
towers consisting of four radiators with height 40 metres and 
spacing 180 metres on a diagonal. 

(2) Transmitting antennas for frequencies 550-1500 kc. (Mid 
frequency range ): The antenna used for such frequency ranges 
consists of a tower that functions as a vertical radiator. In some 
cases it is not feasible to construct a simple radiator of the required 
height because of some commercial air line passing nearby. For 
such cases, tower is top-loaded which then gives the same field 
distribution in the vertical plane as is obtained with a simple 
vertical radiator of somewhat greater vertical height. Top-loading 
is usually in the form of a ring, spider or other equivalent arrange¬ 
ment providing a lumped capacity at the top of the tower. Since 
the amount of top loading can be modified, the equivalent electrical 
height of a top-loaded antenna is subject to change accordingly. 
This factor shows that flexibility also demands the top-loading. 

The height of this vertical radiator is made either A/4 or 
greater than A/2. For the antenna of height A/4, radiated field is 
nearly proportional to the cosine of the angle of elevation. With 
antenna heights of the order of A/2 or slightly greater, energy is 
much concentrated along the horizontal plane and consequently 
at high vertical angles, radiation is reduced. A height of 0*25A 
gives the maximum concentration of radiation along the horizon¬ 
tal but at such a height undesirable large lobe radiation appears 
at high angles and hence-does not suit much. The optimum value 
of height depends upon the 

(/) transmitter power, 

(//) transmitter frequency and 

(Hi) earth connections. 

Radiation efficiency of a tower antenna is 80% or 90% when 
its length is atleast A/4 and a ground system is employed. 

There arc, however, two ways of exciting the tower antenna : 

(a) Series excitation : In such a type of excitation, radio fre¬ 
quency voltage is applied between the lower end of the tower and 
ground. 

(b) Shunt excitation : In this type of excitation, the tower 
may be grounded and the exciting voltage is applied across a sec- 
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tion h of ihe tower. In fig. 60 a shunt-excited grounded vertical 
radiator is shown. 

In such a case, loop 23452 carries a current which develops a 
voltage across section h. This voltage is then applied to the rest 
of the tower. The reactance of the loop is tuned by means of 
condenser 5. 



Fig. 60, Shunt-excited grounded vertical radiator. 

Losses : When the ground system is employed, the important 
losses occur due to ground. Currents flow from tower to the 
ground through the capacity and then return through the earth to 
the base of the tower. Because of skin effect, current is largely 
confined to the region near the earth’s surface and since the earth 
is a bad conductor, appreciable energy losses occur. To minimise 
losses, a low resistance path should be provided to the current to 
return to the tower. For this purpose, a system of buried wires 
radiating out from the base of the tower is employed. 

Antenna Arrays : For broadcast purposes, simple antenna 
arrays consisting of three to four spaced tower radiators are used 
extensively. Such arrays serve two principal purpose in broadcast 
work: 

(o) because of its directional property, it helps to concentrate 
the radiated energy in a desired direction and thus gives better 
signals, and 

(b) since a directional array can reduce the field strength 
radiated in a particular direction to minimum, inteifercnce between 
the signals of two transmitters that arc separated by a small dis¬ 
tance and operating on the same channel can be avoided. 

The directivity of the array depends upon the spacing and the 
relative magnitude and phase of currents in the various towers. 

(3) Transmitting antennas for frequencies 15-30 mc/s. (high 
frequency range ): 

Generally two arrangements, depending upon whether or not 
the directivity of radiation is required, are used : 

(a) Hal) wave antenna arrangement : Ungrounded half-wave- 
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length resonant wire is usually employed as an antenna if directi¬ 
vity is not the chief consideration. Such a half wave antenna may 
be placed vertically or horizontally, When it is placed with its 
axis vertical, maximum field is radiated along horizon but when 
placed with its axis parallel to ground, field radiated in the hori¬ 
zontal direction is zero. The latter placement is most common. 

Some ways in which a halfwave resonant antenna may be ex¬ 
cited delivering it the power from a balanced two wire transmission 
line are shown in fig. 61. 

In method (n) it is not essential that antenna length should 
approximate a half-wavelength since a change in antenna length 
simply affects the resonance appearing on the transmission feed 
line. This arrangement fails to provide characteristic impedance 
termination. 

In method (b) the capacity shown in figure completes the ter¬ 
mination of transmission line. This method, however, fails to pro¬ 
vide impedance matching. 



(D (</) 

hig. 61. Half-wave antenna arrangements. 

Methods (c) and (r/) provide impedance matching that permits 
non-resonant operation. In fig. (c), the spacing m is adjusted to 
provide an impedance match. This spacing in the case of a hori¬ 
zontal antenna above the perfect earth, depends upon the height. 
Arrangement at fig. ( d) is basically similar to that at fig. (a), except 
that two closely spaced halfwave antennas are joined together at 
their ends and one of the dipoles is excited at the centre. This 
arrangement transforms the impedance of the antenna system. The 
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two antennas function in parallel and each carries half the total 
current. The result is that the impedance offered to the transmis¬ 
sion line is 4 times the loop radiation resistance of a halfwave 
antenna, approximately 290 ohms. 

(b) Directional shortwave transmitting antenna : For moderate 
directivity, antenna arrays consisting of several radiators are suffi- 
cent. For large directivity either a rhombic antenna or an array 
of F antennas in the horizontal position is best suited. Readers 
should consult Antennas by Blacke. 

Air plane antennas : Installation of transmitting antennas at 
high speed aircraft is rather difficult. At frequencies below 2 mc/s., 
or even at still higher frequencies trailing wire serves as a suitable 
transmitting antenna. This trailing wire antenna consists of a 
wire, taken underside the plane, of such a length as to give quarter 
wave resonance when air-plane is used as a substitute for ground. 
Trailing wire is terminated with a weight. 

(4) Transmitting antennas for frequencies 30-600 mc;s. (Ultra 
h/gli frequency range) : The antennas suited for short wave opera¬ 
tion are also suitable for ultra high frequency operation. To name 
simply, the different antennas commonly employed in this region 
are resonant half wave radiators, cone-antennas, corner reflectors, 
Yagi antennas, Fand rhombic arrays, high frequency loops. 

Corner reflector antenna is especially suitable for ultra high 
frequencies because it is compact, portable and gives good gain. 

For broadcast purpose, at such frequency range, it is desired 
to radiate horizontally polarised signals equally strong in all direc¬ 
tions in the horizontal plane. A Fantenna with legs A/2 or A/4 
long and an apex angle of 90 (fig. 62) serves the purpose. 

8 

(a) V antenna lb) Directional pattern (r) Directional pattern 

for L- x/4. for L x/2. 

Fig. 62. V antenna with short legs and directional characteristics. 

To obtain the directional pattern with vertical polarised 
waves, a broadside array, consisting of a number of halfwave 
radiators staked vertically and excited in the same phase, can be 
employed. 

(5) Transmitting antennas of frequencies higher than 600 mc/s. 
(Microwave range) : Directional antennas are most commonly 
employed for the radiation in such frequency range. 

High Directivity : When high directivity is chief consideration, 
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parabolic and horn antennas are generally employed : parabolic 
reflectors may assume a number of forms. In fig. 63 two forms 
are shown. The narrowness of the radiated beam depends upon 
the shape of the reflcting surface and the area of its aperture in 
wavelengths. Directivity is high when the aperature area in wave¬ 
lengths is large. 

Horn antennas are extensively used at such high frequencies. 
The directivity of the radiation is determined by the angle of flare 
and length of the horn. Few types of horn radiators are shown in 
fig. 64. Greater is the flare angle and horn length, narrower will 
be the radiated beam. 



(a) Cylindrical parabola (b ) Truncated paraboloid, 

Fig. 63. Tydes of parabolic reflectors. 



(a) Rectangular Horn (6) Cylindrical Horn (c) Pyramidal Horn 
Fig. 64. Types of Horn aotenna. 


Moderate Directivity : 
When moderate amount of 
directivity is required, corner 
reflector is best suited. A 
corner reflector is shown in 
fig. 65. The reflector is usua¬ 
lly illuminated by a half wave 
radiator located on a line 
bisecting the corner angle. 

When low directivity is 
required, half wave radiators, 
excited, from a concentric 
line through some form of 
transformer, are used. 


<£fLiCTOR SnLt/> 



Fig. 65. A corner reflector. 
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32 24. RECEIVING ANTENNAS : 

When electromagnetic waves are cut by an antenna, a voltage 
is induced in the latter by the magnetic flux of the wave. This 
induced voltage is distributed over the entire length of the 
antenna. Because of this distributed voltage, current flows in the 
receiving antenna. If a load is connected in series with this 
antenna, the energy abstracted from the passing electromagnetic 
wave will be delivered to it. 

The important consideration in the choice of a receiving 
antenna is its sensitivity to locally generated noise fields. In 
manmade noise electric induction field predominates and if antenna 
responds much to such fields, large disturbances would occur in 
the receiver. In this respect, loop antenna is best suited as com¬ 
pared to simple wire antenna since the latter responds much to the 
induction field. 

The ideal property of antenna is its abillity to pick up mini¬ 
mum possible noise energy due to natural disturbances which, on 
the other hand, is comparable to the noise generated within the 
input portion of the receiving system. Higher is the noise level, 
lower is the frequency. At microwaves, noise level is low and it 
becomes necessary to employ greater directivity since it helps: 

(a) to increase the intercept area, 

(b) to reduce the noise energy picked by the receiving antenna 
from the noise field, provided all noise sources differ in direction 
from that of desired signal, 

(c) to discriminate undesired signals originating in directions 
other than that of desired signal. 

Half-wave radiators serve the purpose of normal reception for 
frequencies upto 30 mc/s. For the reception of frequencies lying in 
the range 20 to 600 mc/s, F-antennas, rhombic antennas, arrays of 
half wave radiators, or arrays of high frequency loops are best 
suited. 

32 25. DIFFERENCE IN RECEIVING AND TRANSMITTING 
ANTENNAS.* 

As regards the important characteristics of an antenna, viz. 
impedance and field pattern, both types of antenna bear the point 
of similarity. But there arc differences in other properties that are 
peculiar to their uses. We shall list them as follows: 

(1) Current distribution : Current distribution on receiving 
antenna is different from that on transmitting antenna. In latter 
antenna when it is thin, the current distribution is almost sinusoi¬ 
dal, while in the case of receiving antenna, except for resonant 
length antenna (/i=A/4), current distribution is not approximately 
sinusoidal even for thin antennas. 

(2) Optimum field pattern : Although field patterns for both 
the antennas are the same, it is not necessary that optimum pattern 
for transmitting antenna should be optimum for receiving one. 
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The meaning of‘optimum pattern’for the two antennas is, however, 
different. For transmitting antenna, the pattern which puts most 
of the signals in desired direction is optimum, while for receiving 
antenna optimum condition is not maximum received power, but 
rather maximum signal to noise ratio. It is not necessary that in 
every case, transmitting optimum condition will lead to receiving 
optimum condition. For example, if a minor lobe in the receiving 
antenna pattern points towards the noise sources, it will bring a 
large amount of noise and hence gives rise to low signal to noise 
ratio. If this lobe happens to be the pattern for transmitting an¬ 
tenna, it will have no ill effect except low loss in the power 
radiated. 

(3) Directivity consideration as regards signal to noise ratio : 

If the receiver is in correct direction, an increase in the directivity 
of the transmitting antenna will definitely improve signal to noise 
ratio at the receiver, but such is not the case with receiving an¬ 
tenna. The improvement in the latter case, assuming that set noise 
is negligible part of the total noise, depends upon the direction of 
noise source as stated below ! ... 

(a) if noise is coming from the direction of desired signal, 
there will be no improvement in signal to noise ratio, 

lb) if less noise is coming from the direction of desired signal, 
improvement will be greater as compared to transmitting case. 

le) if noise is coming equally from all directions the 
ment in signal to noise will be exactly the same as that in trans¬ 
mitting case. 

(4) Antenna coupling : The antenna coupling in the: trans¬ 
mitting case is adjusted to feed the antenna with a specified amount 
of power, but not for maximum power transfer, while recemng 
antenna coupling is adjusted so as to yield the maximum signal to 
noise ratio. Maximum signal to noise ratio is not always accom- 
plished with maximum power transference. For example in the 
medium frequency reception, since the gam is atnple to dehver 
sufficient audio power and set noise is negligible as compared with 
atmospheric noise, there is no use to increase the amount of power 
delivered by the antenna because the noise power increases in the 
same ratio as the signal power 

(5) Operation of an antenna of given electrical length as a 
function of frequency : A half wave transmitting dipole neglecting 
losses fed with definite watts of power, will produce the same field 
intensity in a given direction whatever be the frequency, while a 
halfwave dipole, used for reception, delivers to a matched load an 
amount of power that is proportional to the square of wavelength. 


(6) Economic factor : Since a single transmitter feeds several 
receivers, it will not be partial if more money is spent to obtain 
the given improvement of the transmitting rather than of receiving 
antenna. 
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EXERCISES AND PROBLEMS 

1. (a) Derive an expression for the electric field strength due to a short 
grounded transmitting anter.na neglecting ground absorption. How 
would you measure the field strength ? 

(b) Derive an expression for the radiation resistance of a short antenna 

remote from ground and sketch the field patterns in horizontal and 
vertical planes. 

2. Assuming earth to be a perfect conductor. Tdeduce an expression for the 

electric intensity of the radiation field at a point r cm. away from a short 


vertical aerial. 

Show that power radiated by it is given by 
where h is the height of the aerial, x is the wave'ength 


7 2 watts. 


and / is the current 


at the base. . .... a 

3. Define electric field strength due to a radio transmilter. Neglecting groun 
absorption, deduce an expression for the electric field strength at a point 
on the earth's surface (assumed as flat) in terms of power rad-ated by 

the transmitting aerial distance . 

Describe how would you find the value of the electric field strength 

at a point experimentally. 

4. What do you understand by the effective height of an aerial. Describe 

how is it determined experimentally ? 

Obtain an expression for the radiation resistance of a short vcn.cal 


grounded aerial. 

5. What is meant by the gain of an antenna array ? Derive an expression for 
the polar diagram in horizontal plane for antenna array, consisting of-V 
elements, spaced-half a wavelength apart, in a straight line and energized 
in phase. 

6 Two similar aerials A and B are situated at a distance ./ from each other 
and they arc fed by high frequency currents of equal amplitude and freque¬ 
ncy which differ in phase by « Deduce an expression for computing the 
polar diagram of such an aerial system and show that it possesses directive 
property. 

7. A short vertical grounded aerial is designed to radiate on I mc/s. II the 
effective height of the aerial is 30 meters, whai is its radiation resistance ? 

8. Explain what is meant by the radialion resistance of an antenna. Derive 
expression for the electric field and the magnetic field due to a symmetri¬ 
cal thin, linear, centre fed antenna. Hence show that the radiation resis¬ 
tance of a half wave dipole is 73 ohms. 

9. Give the theory of directional transmission by means of an antenna 


array. 

A broad side array consists of six vertical radiators spaced x/2 apart 
and fed in phase. Draw the horizontal polar diagram for radiation. 

[Hint: In horizontal plane, they radiate uniformly in all directions and 
consequently can be treated like an array of six isotropic point 
sources. Use the formula with n- 6, 5-^0} 
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10. Write in detail the need of directional transmission and how is it achieved 
at different frequency ranges ? 

Calculate the expression for the secondary field patterns of a parabolic 
reflector. 

11. At what frequencies horn and lense antennas are used and why ? 

What do you understand by an optimum horn ? Find the formula 
for the design of such a horn and sketch the field patterns for E plane 
and H plane sectoral horns at various flare angles. 

12 Write an essay on broad band antennas, giving the description of each 
with special reference to their use in radar aod television. 

13. The electric field strength of a plane wave is 0*1 F/m. What is magnetic 
field strength in micro-webers/meter* ? 

14. Show that the radiation field electric intensity of a quarter wave mono¬ 


pole is 


15. 

16. 


17. 

18. 


E< 


60I m 




radiated for peak antenna current equal to 10 

loop 


What is the power 

amperes ? . , „ , 

Deduce an expression for Ihe induced electromotive force in a 
antenna. Discuss ils application as direction finder. 

Discuss the effect of ground on the radiation by an antenna which is very 

close to earth. Explain the concept of image antenna. 

Find the expression for field distribution arround a vertical grounded 
antenna of Icogth x/2. 

Derive an expression for the radiation field for a continuous array con- 
sisting of point sources of uniform amplitude and of the same phase. 

Define radiation intensity. Derive an expression for the radiation inten- 
sity of a current element, starting from the expression for the radiation 
field Derive an expression for the radiation intensity of an end fire 


19 Explain what is meant by retarded magnetic vector potential. Derive an 
expression for the electric field intensity at a distant point due to a half 
wave dipole and hence discuss its radiation resistance. 

20 Explain the basis from which the current distribution on a symmetrically 
fed, thin, linear antenna may be estimated. Draw a nature of voltage and 
current distribution along a linear 3x/2 antenna, fed at the centre, and 
calculate its distribution io horizontal and vertical planes. 

21 Comment briefly but critically on(i) end fire array and (ii) aperture radiator. 
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PROPAGATION OF 
ELECTROMAGNETIC WAVES 


In chapter 32 it has been established that high frequency 
currents in aerials produce a detachment of electromagnetic energy 
in the form of waves of the same nature as light—a process usually 
called radiation and one which may be directional in nature. 

In this chapter, we shall study the phenomena which occur 
in the media between the transmitting and receiving antennas. 
There are several mechanisms by which radio waves may travel 
from a transmitting to a receiving antenna, the important of these 
being designated by the terms ground waves , sky waves, and space 
or tropospheric waves. 

•Ground wave or Surface wave : The ground wave is of 
practical importance at broadcast and lower frequencies. This 

wave can exist when the transmitting and receiving antennas are 
close to the surface of earth, and is supported at its lower edge 
by the presence of ground. The wave is vertically polarised because 
horizontal electric field components, being in contact with earth, 
suffer energy losses and thus at any considerably distance from 
transmitting antenna, only the vertical component of the field is 
left. At day time, broadcast signals are usually carried by ground 
waves. 

Sky wave : The sky waves are of practical importance for 
very long distance radio communication. The energy by these 
waves reaches the receiving antenna as a result of bending of their 
path due to ionisation in the upper atmosphere. This ionised 
region, which begins about 80 kilometers above the surface of 
earth, is termed as ionosphere. 

Space wave : Space wave represents the energy that travels 
from transmitting to the receiving antenna in the earth’s tropos¬ 
phere. Troposphere is a portion of earth’s atmosphere extending 
upto first 10 miles from the earth’s surface. Radio transmission 
at frequencies higher than 30 mc/s. is usually space wave propa¬ 
gation. The space wave commonly consists of two components, 
one of which travels directly from transmitting to the receiving 
antenna and the other reaches as a result of reflection from the 
surface of the earth. 

•Sometimes ihe term 'ground wave’ is referred to mean both 'surface 
wave’ and 'space wave’ together. 
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331. SURFACE WAVE PROPAGATION : 

A ground wave can be divided into two components—-a_ sur¬ 
face wave and a space wave. The magnitude of these individual 
components and also of the wave is affected by (/) the resistivity 
and dielectric constant of the earth, (//) the earth’s curvature, 
(///) the height of transmitting and receiving antennas, (iv) the dis¬ 
tance to transmitter, (r) the frequency of the signal, (v/) variation 
of refractive index of earth’s atmosphere with height. 

Surface wave is a wave that is guided along the surface of 
earth and around its bends and curvature, much as electromagnetic 
wave is guided by a transmission line. To make up for the ground 
losses, energy is supplied from this wave and hence the attenua¬ 
tion of this wave must be affected directly by the constants of the 
earth. 

When the transmitting and receiving antennas both are loca¬ 
ted at the earth’s surface, the two parts of a space wave-the direct 
and ground reflected-cancel each other (earth s reflection coeffi¬ 
cient is—1 for such a case) and the surface wave is left purely to 
carry the intelligence. Due to the bending round curvatures this 
wave has an advantage of propagating the smgal through long 
distances. 

Surface wave field intensity due to a vertical dipole antenna : 

The field intensity at a point, considering ail types of propa¬ 
gation will be the sum of the intensities due to ground wave (both 

components, if.. surface wave and space wave) and sky wave. 

In the present article, we are simply concerned with ground wave. 
Now out of its two components, which would predominate, depends 
upon all the six factors stated earlier. 

In cylindrical co-ordinates, the axial component of electric 
intensity E. for a dipole antenna of length dl and carrying a cur¬ 
rent I has been calculated by K. A. Norton and is given by 

co **rsr + *■-*") 


+ (I —/?„)(!-H*+M 4 COS 


•«'(*?)] 


.-(I) 


and the radial components, 

I I e' ipR i e~ ipR »\ 
sin ifr cos 0 I+ R v —^ j 

-cos •/» (1 -/?„) a\/{\-ir cos 2 1 + sin 2 -^j| 

...( 2 ) 

where P =~, A-being the wavelength of transmitted singal, 

A 

/?„= reflection coefficient of the ground for a plane wave, 
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/?!= distance between transmitting and receiving points by a 
direct wave path, 

y? 2 =distance between transmitting and receiving points by a 
ground reflected wave path, 

i/i—angle made with the horizon by the wave leaving the 
transmitting antenna (if the hight of receiving antenna 
is very small compared to its distance from the transmi¬ 
tting antenna, then 0,=0 2 =0, fig. 1). 

u 2 = *—L k being the relative dielectric constant of earth, 
k+jx 

/^attenuation factor that depends upon earth’s constant, 
and x=~ t a being the conductivity of earth, and w the angular 
frequency of radiation 



Fig. I. Geomclry for direct and ground reflected waves illustrating 
different parameters in ground wave propagation. 

Equations (I) and (2) show that first bracketed term in each 
of the equations is independent of ground attenuation factor/ 7 , 
i.e., unaffected by earth factors and these both should represent 
space wave. Hence 

£.„«=>/(£’ (space)+£,« (space)} 

e~ ,pR t\ 

=j 30 .pi dl cos 0^ + R,. j 

The second term, depending upon F. is a surface wave. The 
total surface wave, neglecting term containing u 4 and adding 
vcctorially, will be 

Efface =7 30 pi (II ( I - R v ) F. 

Hi 

x \/{l — 2 u 2 + U" cos 2 J, (I + si n 2 0/2)} 

We shall here discuss the propagation due to surface wave. 
For long distance (much greater than A) transmission /?, = /? 2 -R 



1362 


Hand Book of Electronics 


and when the dipole is at the surface of earth, expression for the 
field due to surface wave can be written as : 


-R-) 


x|k(l-u 2 )+r. cos0 ( 1+sin 2 ^) uy/(\-u* cos 2 *)]. -( 3 ) 

where k and r are the unit vectors respectively parallel and per¬ 
pendicular to the vertical dipole. 

Function F depends upon distance, frequency and on earth’s 
constants. As the attenuation of surface wave incrwm with frequ¬ 
ency this mode of propagation is important only for lower trequ 
encies (long and medium waves)and for the point!inearearth s sur¬ 
face Value of F approaches unity as distance R tends to zero, i.e., 
for distancewithina few wavelengths of dipole, F= 1. Value of F 
is given by 

F=[i+y V(”9) e '“ erf < --fV?)) 

jfSRu « n-u ; cos«j.)r . , sin t ] 
where t} -2 L T wV( 1 -mJ cos 2 VOJ 

and erf (~jV<l)=^\_ Vq ^ d » 

Putting F= 1 in equation (3), field pattern for the wave called 
‘unattenuated surface wave’ can be sketched. In fig. A P ,o!s 01 

pattern for two values of earth conductivity w=(y) arc shown - 
For low frequencies and good conductivity (/i= 100). unattenuated 
surface wave field inten¬ 
sity is small except for 
angles near grazing 0=0, 
the value being 2 at this 
value of 0. For higher 
frequencies and poor con¬ 
ductivity (/! = 1), field in¬ 
tensity is appreciably 
high at high angles, /.<?., 
surface wave is stronger, 
though its value at 0=0 
is still 2. Attenuation of 
this wave is quite rapid 
as the distance increases 
because of the factor F. 

Thus for /i=l and at the 
points near earth’s surface, 
surface wave is much 
stronger than space wave 
at long distances. 



Fig. 2. 


Vertical field pattern of a vertical 
dipole at the surface of the earth 
for n = l, and n=100. 



1363 


Propagation of Electromagnetic Waves 

The magnitude of F for 0=0, /.<?., at the surface of earth is 
called ‘ground wave attenuation factor’ and is denoted by A, i.e. t 
A=\ Fl=| \+j\/(nq) e- erf {-jy/q) k-o 

=1 i+M*pi) erf (-;Vpi) I. " 

where p, is the value of <y for y=0. 

p, is complex in nature and can be expressed as 
p\=pe ' b , 

where p is called the ‘numerical distance’ and b the phase constant. 
Evaluating q t at 0=0, shows that 



nR cos 2 b' ttR 
p Xx cos b' ~~ Xx 

cos b 

and 

b=(2b'-b') ^ tan-' 

k±\ 

X 

where 

b m -Utr l j 



A' tan -.*- cosS > - 

• a n"l 

and 

o =tan - - - 

1 d II 


In figure 3, a plot of A against the numerical distance p for 
various values of b is shown. The numerical distance p is directly 
proportional to the actual distance to the transmitter and the 
square of frequency, and varies almost inversely, as the ground 
conductivity, b' is called ‘power factor angle* and hence /> is a 
measure of power factor angle of earth. 



Fig. 3 . Variition of attenuation factor with numerical distance for 
different values of b. 

Earth impedance can be resistive or reactive. For better earth 
at brodcast frequencies, x > k and impedance of earth is mainly 
resistive, the power factor angle being nearly zero. At high 
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frequencies and over poor earth x < k and impedance of earth is 
reactive. 

For all values of b, attenuation factor A can be expressed as 
A=A r —sin b.‘/(pl2).e- 6p / 6 . ...(6) 

Now for b < 5° and p<4'5, i.e., for short numerical distance 
-0 43p+00Jp 2 , 

A—e 

and for b < 5° and p ^ 4-5, i.e., for large numerical distance, 

A - » 

2p-5-7 

When numerical distance p is very small (p < 1), ground 
attenuation factor approaches unity, but for large distances 
(p > 10). magnitude of Ovaries inversely with p. This causes 
the field strength to vary inversely as the square of the distance 
and hence rapidly decreases with p. 

As stated earlier, when 0, />., when transmitting and re¬ 
ceiving antennas both are located at earth’s surface, earth’s reflec¬ 
tion coefficient is nearly one and both components of space wave 
cancel each other. Propagation is then purely due to surface wave. 
But for antennas elevated above the ground as in the case of high 
frequency transmission, resultant field strength is a combination 
due to surface and space waves. 

/ gQ 

Curves of fig. 3 are valid upto a distance^—^ km. When 

the distance is large compared to wavelength, curvature of earth 
affects the propagation and the above expressions deduced by 
Nortons for plane earth are not accurate. Curvature of earth also 
affects the space wave and the effective antenna height. 

33 2. SPACE WAVE PROPAGATION : 


Space wave propagation finds its wide scope at higher radio 
frequencies like V H. F., U. H. F. and microwaves since at these 
frequencies, propagation due to surface wave and sky wave almost 
fail. Although at lower frequencies, space wave propagation may 
also be adopted, but sky waves and surface waves are important 
to give a major contribution to the propagation. Space wave 
propagation is practically limited to the line of sight* distance and 
is also limited by earth’s curvature. 

As pointed out in previous articles, field intensity due to 

•If a direct ray passes from transmitter to the receiving point without 
being intercepted by the buldge in earths surface, considering variation of 
refractive index of earth’s atmosphere with height then the distance between 
the two is said to be a line of sight distance. 
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space wave is 

r p~ipR n-lpR "1 

E ip a«=jW IK cos * + * ~jf j •••(» 

where R is the ground reflected coefficient and K is the effective 
antenna length. 

Ground Reflection Coefficient : The vector ratio of the 
reflected to the incident wave is termed as reflection coefficient R 
and expressed as R=r |j>_, where r represents the magnitude and p 
is the modification of phase produced by the imperfections of the 
earth. 

The exact value of reflection coefficient depends upon (/) die¬ 
lectric constant k , (//) conductivity of earth o, (Hi) frequency, and 
(zV) angle of incidence with which the wave strikes the surface of 
earth. For the two polarisations, it is expressed as: 

For vertical polarisaiion, 

p _ r u - tf-£> ™ , 2 ) 

'i" (k-jx) sin 4>+V\ik-jx)- cos 2 
for horizontal polarization : 

„ . sin ji — y/[(k —jx) — co s- ^ 

Rh - r \±"sin+ + y/{lk-jX)-GO>*'/) ' 

Plots in fig. 4 and fig. 5 for two different frequencies 4 mc/s. 
and 100 mc/s., show h'ow the magnitudes and phases of these 
complex reflection coefficients vary with angle ot incidence. Full 
lines correspond to /?„ (vertical polarisaiion) and dotted lines to 
R,, (horizontal polarisation). 



Fig 4. Variaiion of ihc magnitude of rcllcciion coellicicnts with 
angle of incidence. 

From the figures we note that 

(a) for vertical polarisation (full line curves) the magnitude 
goes through a minimum (and phase through 90') for some value 
of angle of incidence ^ for a given earth condition. This particular 
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Fig. 5. Variation of the phase of reflection coefficients with 
angle of incidence. 


value of ^ is called pseudo Brewster angle (or just Brewster angle). 
Its value depends on the wave frequency and earth constant, /.*., 

(/) for low frequencies and high conductivities (x > k), the 
Brewster angle is less and approaches zero as x tends to infinity 
(for perfect earth), 

(//) for high frequencies and low conductivities (x k) t the 
Brewster angle is practically of the same value as it has for a per¬ 
fect dielectric, 

(b) for horizontal polarisation (dotted line curves), the magni¬ 
tude of reflection coefficient is unity for grazing incidence (^=0). 
It decreases steadily as the value of 0 increases, 

(c) for normal incidence (0 = 9O J ), electric intensities for both 
types of polarisation are parallel to the reflecting surface but 
oppositely directed. Thus magnitudes of R H and R v are the same 
but phase differs by 180°. This apparent difference in phase is 
purely due to the ways in which one defines the positive directions 
for the reflected wave in two cases. 

Elevated Dipole Antennas above a Plane Earth : As mentioned 
earlier, the propagation is entirely due to surface wave when 
transmitting and receiving antennas are located at earth, reflection 
coefficient being— 1 due to which two components of space wave 
cancel each other. Th«s is the case with day time reception of 
ordinary broadcast signals. 

At higher frequencies, where wavelength becomes too short, 
it is possible to elevate the antennas a fraction of wavelength 
above the ground. The space wave will no longer be zero and the 
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intensity at a point will be the resultant of space wave as well as 
surface wave field intensities. 

Since in th's article we are concerned with space wave propa¬ 
gation, an expression for the field intensity due to space wave at 
the receiving point will be calculated. This cxpre*»sion, on the 
other hand, will also represent the ground wave propagation at 
very high or ultra high frequencies since at these frequencies 
surface wave is almost attenuated because of ground factors. 

Consider two vertical antennas elevated at heights /i, and /ij 
above the surface of earth (fig. 6). The resultant space wave held 
intensity at a point depends upon the relative phases ot ground 
reflected and direct components. Since this phase difference varies 
with path difference signal intensity in space will exhibit maxima 
and minima. 



Pig. 6 . Elevated antennas of heights /i, and /», with direct and 
ground reflected wavcpaihs. 

Field intensity due to space wave from equation (I), is 

-m, C -W: 

E-J .30 fUb cos s'. (—£—+ -R- - ) 

First we assume that /?, is nearly equal to K. so that in 
magnitude, we may put : but lor phase the difference 

(/?.— /?,) always remains finite and affects the phase difference 
between two signals. Secondly, for simplicity, we assume that 
Rm-l. Thus. 

-m e -m t 

E-j.W-fiH' cos * y— - j ) 


d 
-Wi 


=/.30 pH, cost 


II-f 


■it («,-«.) 




From figure 6, 

R^y/liP+ilh-lh) 2 ] 

-'[ |+ ( 4 3 t )T* <h - 

Similarly, 


(//,-/!*)■ 


2d 
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Now (R t -R l )= lhl f and/3=y- 

Putting these values in expression for field intensity, we get 

„ ,, e -j(2n/\)R t H4„hM\d) , 

E=j.iO.-y .I.l e cos •/). --il—e ] 


E |= 


60 rrllc cos 0 




4nh,h 2 , . . 4vhjl 2 "] 
— rj-+J Sln —TJ- 


4irh h 

As </>/»! or /r 2 , we may put, cos - 1 2 =1, so that 

Ad 

I r ,_6O7r//rCOS0 #!ti 4fU 
1 A</ * S,n ~17~ 


...(4) 


Since sine factor involves A lt A t . A and </, field intensity will 
vary simultaneously with the variation of any of these quantities. 
Thus the received field intensity will exhibit sinusoidal variation 
of maxima and minima if we vary antenna height, distance d from 
the transmitter or frequency of the signal. 

Suppose A or d is very large, then will be small for 

which we can write 


. 4r/i,/j 2 4 nhiht 

s,n ~1T = 13-' 

£ |-240^//, cos 


...(5) 


Thus for long waves, />., low frequencies, space wave field 
strength varies inversely as square of the distance. On the 
other hand, even if frequency is moderately high, equation (5) 
holds good provided distance d is sufficiently large. 

In fig. 7 variation of field intensity with distance for two 



3 10 30 100 3OO rooo 
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Fig. 7. Variation of field strength with distance. 
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frequencies 50 mc/s, and 300 mc/s. is shown. It can be noted from 
the figure that: 

(a) For 50 mc/s. curve shows no maxima and minima ?nd 
field intensity decreases as I V 2 . 

( b ) For 300 mc/s., curve shows maxima and minima for 
smaller values of d. For large values of d, i.e. t larger distances, 
field intensity decreases as I Id 2 like case ( a ). 

Dotted curve represents the variation of free space field 
intensity with distance (neglecting ground reflection). 

Troposheric refraction : At frequencies V.H.F., U.H F. and 
microwaves, propagation by sky waves is not possible, since the 
high frequency waves sent upwards are not reflected from the 
ionosphere. Propagation along the earth's surface (surface wave 
propagation) is also not potsible since the surface wave field 
intensity decreases very rapidly for distances beyond the line of 
sight. Thus apparently it becomes quite unexpected to think 
about the transmission much beyond the horizon. But this trans¬ 
mission does occur because of the refraction of such frequency 
waves in troposphere. 

Troposphere is a region of earth’s atmosphere quite adjacent 
to earth and extending upwards upto 10 km. In troposphere 
temperature falls at the rate of 6 5 C per kilometre till it reaches 

— 5°Cat the upper boundary. Region next to troposphere is 
stratosphere in which temperature almost remains constant, 

— 50°C. 

Tropospheric refraction is the phenomenon in which radio- 
waves gradually bend downward due decrease in refractive index 
with height. This refraction increases the range of propagation 
beyond the ‘line of sight* distance. This increase in range is, 
however, explained by using effective radius of curvature of 
earth which is 4/3 times the actual radius (/.<*. assuming the space 
waves propagate along the straight line paths and that the earth 
has an effective radius slightly larger than its actual radius). One 
can compute the range of propagation for a normal atmosphere 
and for a given antenna height using effective radius of earth and 
is called‘modified line of sight’ distance for space wave propa¬ 
gation. 

Fading : When space wave signals are received from a distant 
station, phenomenon of fading often occurs. Fading is simply the 
variation in field intensity with time. The cause of this fading is 
that, because of metcrological conditions, the refractive index in 
troposphere undergoes certain changes in its rate of variation 
which, in its effect, alters the path difference (and hence phase 
difference) between the direct and ground reflected components of 
the space wave at the receiving point. The result is the variation 
in field intensity at the point of reception. 

The second cause of this fading is the variation is tropos- 
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pheric reflections* which are produced by discontinuities in the 
troposphere. Since the magnitude, orientation and height of these 
discontinuities may vary from moment to moment, severe fading 
is resulted when tropospheric wave component of space wave is 
dominant at the receiving point. 

In high frequency propagation, fading usually occurs since 
the signal of these frequencies is affected by tropospheric condi¬ 
tions. 

Duct propagation : Duct propagation, as a physical picture, 
is somewhat analogous to guided wave transmission in a leaky 
waveguide. 

Possibility for such a propagation arises when a layer whose 
modified! refractive index decreases with height (called inversion 
layer) is present. Because of this negative gradient, a ray coming 
out of the layer will be bent away from the normal (over a flat 
earth). When angle of incidence taken with respect to normal, 
exceeds a critical value /„ this ray will bend back to the inversion 
layer and is somewhat trapped between ground and height li 0 . 
Such trapping limits the wave propagation in a duct. 

Curve 1 in fig. 8 shows the path of ray that has been trapped 
between ground and height h 0 . Curve 2 shows the ray path of a 
barely trapped wave and curve 3 is for an untrapped wave. A ray 
represented by curve 1 will obviously follow the curvature of earth 



Fig. 8 (a) Variation of refractive index with height. 

(b) Wave trapping. 

•Tropospheric reflection arising due to discontinuities is important when 
the receiving point is well below the line of sight of transmitter. For such a 
location, troposphere waves arc much stronger than those arriving at the 
leaving point by the diffraction of ground wave around the curvature of 
earth. 

tThc term modified refers to the fact that the actual index has been 
modified to account for the curvature of earth. 
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and hence can travel to larger distance far beyond the line of 
sight. 

When inversion layer is adjacent to earth surface, due* will 
have its lower side on the earth surface and such ducts arc called 
surface ducts. But when inversion layer is above the surface of 
earth, lower side of duct is also elevated and such ducts are called 
elevated ducts. 

The physical picture of wave trapping is more analogous to 
that in a waveguide with the difference that while the inodes, in 
which the field may be resolved in both cases in a waveguide, are 
confined to the guide, they penetrate the top of the duct to some 
extent. Like to a waveguide action as a high pass lilter (signals 
having wavelengths above certain maximum value can not propa¬ 
gate through waveguide), signals having wavelengths above certain 
maximum value, ,W. arc not allowed by the duct to be trapped 
For higher wavelengths, the penetration or leakage Irom the duct 
increases rapidly and consequently trapping is very little. The value 
of A ma ,. is approximately given by 

A w „.«(M)84 <l 3lt -(6) 

where X max . is in cm. and duct height <1 is in metres. It is obvious 
that for a duct height of 10 metres, <W^2*5 cm. This mode of 
propagation is important at ultra high and microwave frequencies. 

Effect of earth’s curvature: Curvature of earth affects the 
space wave propagation in three ways : 

(a) Plane wave reflection coefficient, which occurs in the 
expression for field intensities, is different for curved earth. The 
effect is least important due to circumstances adopted in practice. 

(b) The energy of a ground reflected wave, being reflected 
from curved surface, will be diverged more as compared to plane 
earth case. To account this, ground reflected wave has to be mul¬ 
tiplied with divergence factor /), given by 

Su 

[_ aad cos I: J 

shown in fig. 8 (<•). 


I) 


'Aad cos I 

The distances </,. d i% J and angle It are .. 

a gives the fractional increase in the earth’s radius ol curvature. 
The effective radius of curvature is cuv, a being the actual earth’s 
radius. Value of a is usually },#>., (T33). 

(c) Effective heights //,' and lif of the transmitting and recei¬ 
ving antennas above the plane that is tangential to earth at the 
point of reflection arc less than the actual heights hi and // 2 above 
the surface of earth. By geometry, we have 

di* 


tan If 


2a a 

2 aa 
hf+hf 




A' 

4 


Jh 

d % 


...( 7 ) 
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Fig. 8 (c) Illustrating the effect of earth's curvature on 
space wave propagation 

The maximum distance d 0 for a line of sight propagation in 
the case of elevated antennas can be shown to be 

</ 0 =^/(2aflAi)+ y/(2a.ah<i)> —(®) 

where h x and h 2 are the hieghts of transmitting and receiving anten¬ 
nas respectively; a is the earth’s radius. 

When the receiving point is at ground, //*=0 

Both equations (8) and (9) arc valid for h x and h 2 less than 
20,000 ft. 

Using «-f and a =6’37x 10* eq. (8) ean wntten as 
< / 0 =,- v /{2.(fJ.6 37.1°«> Whi + Vh] 
as4 IO s [\/Ai + \ /A *) mclers - 
«4 [V*i+V*d km - 

where li, and h, arc in meters. Suppose the hight of transmitting 
antenna and receiving antenna are identical then 

d 0 zz4x2i/h^%y/h km. 

so that for a transmitting antenna of 1600 ft. height, we have 

maximum distance of line of sight as 

4)^8\ 7 ( I6U0x 0305 meter) 

«176*4 km. 


33 3 PROPAGATION OF SKY WAVES THROUGH 
IONOSPHERE: 

The ionosphere is produced in upper atmosphere chiefly by 
the ultravioiet radiation from the sun. Since the pressure of air at 
such heights is very low and ultraviolet radiation is very intense, 
the formation of ions easily takes place. The air has a variable 
chemical composition dependig on altitude, the lighter gases ten¬ 
ding to prevail at greater heights. The ionisation of different gases 
will be different because of their different ability to absorb ultra¬ 
violet radiations of various wavelengths. As a result, the density of 
ionisation will vary in an irregular way with altitude. On the whole, 
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ion density first increases with altitude and then decreases, but it 
shows ‘ledges’ where the ion density varies more slowly with alti¬ 
tude. These ledges are named as layers and the process of layer 
formation is called ‘stratification of ionosphere’. 

This region, also called plasma, of upper atmosphere ranges 
in altitude from approximately 50 to 1000 kilometers, where the 
ionisation is sufficient to interfere with the propagation ol electro¬ 
magnetic waves. It appears that the conductivity of this ionised 
region is due almost exclusively to the electron density, except 
possibly near the lower limit of the ionosphere. I he free electron 
density, N, is typically I0 11 per metre 3 , varying by about I0 1 " to 
10 12 per meter 3 from the lowest to the highest layer. The number 
of molecules per cubic meter varies from about I0 1 -’ to I0 15 . With 
altitude, percent ionisation increases rapidly but it always remains 
low. We shall show that for N~ 10" per meter 3 , / v , the plasma 
angular frequency, is nearly 3 mc/s. The following analysis will 
also predict that the electromagnetic waves of frequency lower 
than 3 mc/s are not transmitted through ionosphere, w hereas uavesol 
frequency higher than 3 mc/s will be sent back to the earth. I hus 
ionosphere helps in wave propagation to different global parts at 
these frequencies, frequencies much higher than 3 me/s penetrate 
the ionosphere and are thus unaffected by the ionosphere. 

PROPAGATION OF ELECTROMAGNETIC WAVES IN 

THE ABSENCE OF EARTH’S MAGNETIC FIELD : 

When an electromagnetic waves passe through ionised 
medium, current arises from the presence of free electrons and 
ions in the electric and magnetic fields of the wave. We shall 
assume that there are no collisions between the electrons and gas 
atoms or molecules which is, infact, true except in the lowest reg¬ 
ions of the ionosphere where the pressure is highest, and at fre¬ 
quencies of the order of I mc/s or higher. 

Let us consider a plane electromagnetic wave travelling in the 
positive direction along .Y-axis with E and II vectors parallel to y 
and z axis respectively. An ion of charge, q, mass m, and velocity 
v is subjected to a force F given by 

F =r/|E+(vx B)| in m.k.s. system, 

the ion being situated at (x,y, :) with respect to its average posi¬ 
tion (0, 0, 0). B(=pll)is the magnetic induction. Since E-^E, 
and B=B. wc have 


d-x . dy dy 
m r =uB : ~r=qli -~ 
J/* ' dl 1 dt 


-a) 



...( 3 ) 
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From eq. (2), 


dt 2 m L c dt J 


...(4) 


in which we have put 

*E=Bc. 

We shall show that 

or velocity of the ion along *-axis, due to action of electromagne¬ 
tic wave, is much smaller than the velocity of light. Then from 
equation (4), we arrive at 

d l y qE 
dt* ' 

Let the electric vector of the wave be presented by 
E=E 0 cos wt, 
d*y qE 0 
di 2 m 


...(5) 


then 


cos wt 


or 


sin mi 

dt mw 


...( 6 ) 


Putting it in equation (1), we get 

m^=—°— sin "f 


or 


dt 2 c mw 
d 2 x q*E 0 i 




<7/ 2 m*wc 


sin wt cos wt 


giving 


cos 2.1, 


...(7) 


</f 4 w 2 m*c 

where the constants of integration are set to equal zero because 
at=* 0, ;-=0, z=0, at /=0. Now we can show that 
| \dx, q*Ef 
; c dt ~~4w*m*c* 

For electron, ?=1-6.I0- 19 coulomb, m»=9 I1.10" sl kg., 
c=310 8 metcrs/sec, we have 

\\dx 2'17x 10 3 t 
\cdt\~ f* E " 

which is roughly 10" 8 at 1 km. from an antenna radiating 50kw of 
power isotropically at a frequency of 1 mc/s. Thus in equation (4) 
the term due to magnetic field of the wave is negligible, and 
dy_ 
dt 


is exclusively due to electric field of the wave. 


^120,=VW.,)=^ 


=PoC 


Therefore, 


E=hq He—Be 
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Conductivity of ionised media : Out of I0 1, ions per metre 2 , 
10" are electrons, the current in plasma is chiefly due to electrons. 
Suppose N is number density of electrons in plasma, the current 
density resulting from their motion is given by 

J =Ne v -W 

Since ion drift velocity is almost exclusively due to electric 
field intensity E of the wave, we should put 

V ~dt 

so that convection current is 

'-»(£■) 

-AV.— sin o,t. 

Will 

Also interms of conductivity 
J = oE 

= oEo COS oit. 

Equating the two, wc get 

„ Ne-Eo - , 

oL COS «u/= — Sin wt 


oE q 


M»W 

Ac 2 E 


« 2 ) 


U — 


■•(10) 


niw 

-j Ate 2 

_ III 

which implies that electron current, J, lags the electric field inten¬ 
sity E by w/2 rad. Therefore electron current is said to be 
inductive. Product E.J will be zero and consequently, with collisions 
being absent, there is no energy loss in ionised medium or the 
oscillating electrons do not absorb energy from the passing electro¬ 
magnetic wave. 

Conditions of wave propagation : To discuss the propagation 
of the wave, wc write Maxwell's curl equations: 

7xE= —yw/f a H 


...(H) 


7x11 


- 


=j<» <o £ 


yAte-E 

mw 


=j«, €„ E (I — ) ...(12) 

\ niw l € 0 ] 

Since free electrons and heavy positive particles arc disfri- 
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buted with statistical uniformity in the ionised region, the net 
space charge is zero so that 


V*E=—=0. 

<0 

Taking the curl of eq. (11), we write 

V x V x E=—ycii/io (V x H) 

V (V.E)-7 ! E=-y»^>‘«E (l- zzr^ 


...(13) 


V ! E: 


-0>We 


...(14) 


ma>%/ 

('-*)' 

on using eqs. (12) and (13). 

We now define a quantity known as the plasma frequency, 
/v, as 

a- ii(£rH ,06 "> - <1S) 

where f N is in c/s. and N in eleclrons per cubic metre. Plasma 
frequency is simply another way of specifying the electron density 
in the plasma. Putting <V=IO"/mctre 3 , we find /v « 3mc/s. 
Putting eq. (15) into eq. (14), we get 

V*E-—«*Vi«o (•- ^r) E 
=-»W, (l- f)E. 

But from wave equation for £, we know that 

V*E=y*E. 

wc find that propagation constant, on comparing the two, is 

y*—•*0(1-77-) 

or y=a+jp=jwy/tii 0 € Q ) |l--yr) ' 

wc note that if 

f>fs y is purely imaginary (==//?) and the wave is 
propagated. 

f <fs y is purely real (=a) and there is no phase change 
as the wave moves i.e. no wave motion. In other 
words, the fields are attenuated. 

Thus for propagating range of frequencies / > f N (frequency 
of the wave should be greater than 3 mc/s if N & 10 u per metre 3 ) 
and the phase constant is 


...(16) 
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Phase and Group velocities : Phase velocity is given by 

_I * 

p 


in 

l > D =7T = 




. using cq. (15) 




The group velocity with which the signal is transmitted is 
given by 

(lu) 


t'r = 


‘ <IP 


From cq. (16), 


*\i/* 


so that 


/ /v*' 

w / * \ ,/a 

"rl 1- «“)' 

dp l I, -V I «■*/1 V l' 1 * w 

s»“T\ - + 2 rv 1 -* 




or 


4-2)' 

r< 

Tb» s 

Note that v, t’ f =c*, 

where c is the velocity of light in the free space. 

Refractive Index : The refractive index. ,i, (not to be confused 
with permeability of space) is 

N is in per metre 3 . Suppose N be in per cm * and / be in kc/s., 


then 


II. X0 6MI0"«\ 

,,_ 7l <//•«)»>* ) 

-jt'-T)- 
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That is, same relation as eqn. (18) is thus retained. But note 
that/is in kc/s. Let us express in e.g.s. system also. From 
eqn. (17), 


/ 4*n* 

"I 47T6 0 mW t / 


We can show that 


1 

4tT€< 


Ne z . . Ne 2 . 

.-in mks=— in c.g.s., 


m 


m 


.(19) 


so that, we can write 

In next articles, we shall 
be using this equation quite 
frequently. 

Let us now explain that how 
the ionosphere is instrumental in 
achieving long distance communi¬ 
cation : Wc divided the ionised 
region into several infinitesimal 
slabs, in each of which the elcc- 

iron dcnsily can be considered As lhere are infini.c number of 

to be uniform with height. Let wave no |onger , 

us consider the boundary bet- . . . .. , !nM hllf a 

ween free space and first slab. *nes ° f s,ralgbl hnes bu ' 8 

for which plasma frequency is # continuous curve. 

/vw say. The phase velocity for this slab is 

c 

Vp, /-I s 





Also 
so that 
or 


sin i 

^- l ”sin (i-J) ’ 


sin (/—l)*=sin i 
—— sin (/—1)=- sin /. 

Vpy l-l 


r w - - 

So, in general, we can write for any number of slabs, that 
c . c 


sin /=-sin (/'—1)=—-— sin (i—20)=... 

t>, i-i v p> i-t 

sin sin (/—l )=/*/-2 sin ( 1 —2)=... 

We know that 

so that ni-t < hi-i < hi because AT#-, > 


...(20) 
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But in order to satisfy equation (2), we must then have 
angle (/—2) > angle (/— 1) > angle (/), 
which implies that the path of the wave bends gradually away from 
the normal to the boundary. Finally, a level may be reached at 
which the electron density is such that angle of refraction is 90°, 
so that 


sin 90° 


and the path is horizontal. Thus for horizontal path 

J{ -W- < 

or /v=/cos/. ..(21) 

Thus a wave of frequency /incident at an angle / with the 
normal to the boundary is reflected from a level at which plasma 
frequency is equal to/cos /. For special case of normal incidence 
on the ionosphere , /=0 (or /x=0), and the condition for reflection is 

/v =/=/«■ ...(22) 

fc is called the critical frequency. The wave is then reflected from a 
level at which plasma frequency is equal to the wave frequency. If 
we put /*=() in equation (19), we find that 

Ne* 

f<=fs= — in e.g.s. system. ...(23) 

/tin 


When frequency of the wave is suflicicntly high, say light fre¬ 
quencies, then wc find that, on taking N equal to 10" per meter 3 . 

and therefore the term is negligible, so that 

/*— I • 


or on the propagation of such waves, there is no effect of ionised 
medium. They will penetrate the ionosphere at the same angle at 
which they are sent. 


Effect of Collisions : Let us here introduce the effect of colli¬ 
sions. At the high altitudes pressure is low so that collisions are 
not frequent, but at the lower edge of ionosphere, where pressure 
is high, collisions can not be neglected. We have seen that electrons 
oscillate under the action of electric field of the incident wave; 
therefore accounting for the motion in the direction of/; vector, we 
write equation of motion of electron when collisions are present as 


d*y dy 


(24) 


where / is the collision factor. Minus sign is introduced as their 
effect is to cause absorption of energy from the electromagnetic 
wave by destroying in part the direct momentum of vibrating 
electrons. Further, putting v-dyfdt, wc get 
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dv r t 
m-j=eE-{.v. 

Since electrons are oscillating, 


...(25) 


so that 


t; = r 0 t Wt > 


dv 

w =Jmv - 


or 


...(26) 


Putting in equation (25) we arrive at 
mj<ov=eE—(v 
/ eE 

(jmw+Z) 

so that convection current density will be 

, „ WE 

J=Nev = , ■. —r* 

Ne*E(t-jmu>) 

~ (f *+n? «*) 

Ne l E f jmu).Nt*E 
-(**+«*«*) (P+Hfiufi) 

For second term on right hand side E.J is zero because both have 
a phase of n/2 but for firs' term E.J will not be zero because both 
are in phase. This means, unlike to case discussed after equation 
(10), we find here that oscillating electrons absorb energy from the 

passing electromagnetic wave. 

Ifincq. (26), we put f=mv, where v is collision frequency 

then 

. Ne-E.mv jmw.NtPE 
" (mV+ mW)" (mV+ mW) 

N e-E.v j co Ne 2 E 
mj^+cu*) /w(v*+w*) 

Considering only first factor, responsible for obsorption of energy 
by the oscillating electrons from the passing electromagnetic wave, 
we put 

. Ne* E.v 
_ m(v*+tu 2 ) 

so that conductivity of the ionised medium is 

J_ Ne i v 
°~E m(v 2 + o> 2 ) 

In next article, we shall account for the effect of collisions and 
of earth's magnetic field on the propagation of radiowaves through 
ionised region. 

33 4. PROPAGATION IN THE PRESENCE OF MAGNETIC 
FIELD—THE MAGNETO-IONIC THEORY-APPLETON 
HARTREE FORMULA : 

The actual manner in which the charged particles affect the 
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propagation of radio waves was first 
pointed out by Eccles in 1912. Some 
essential details which are lacking in 
Eccles theory and for which it lay 
undeveloped were supplied by Larmor 
in 1924. The Eccles Larmor theory is 
now regarded as the basic theory of 
radio wave propagation in the ionos¬ 
phere and has been supplemented by 
the so called magneto-ionic theory 
developed by Appleton, Hariree, Gold¬ 
stein and others. 

We shall now discuss the theory of 
propagation of electromagnetic waves 
through an ionised medium in the 
presence of external magnetic field. 

This theory is known as magneto ionic theory. Appleton in I m 
first applied it to explain the phenomenon ol propagation ol radio 
waves through the upper ionised regions of the earth s atmos¬ 
phere. Later Hartrec derived the formula independently. 

The earth’s magnetic field exerts a force on the moving elec¬ 
trons. This force is proportional to the instantaneous velocity o! 
the electron and to the component of magnetic held at right angles 
to the direction of motion!. The direction of this force is right 
angles to both the direction of motion ol electron and component 
of magnetic field. The path of the electron is thus altered. It is 
elliptical at higher radio frequencies. As the frequency is reduced 

ratio of minor axis to the major axis increases until at frequency 

1*4 mc/s. called gyromagnetic frequency(= cl 11 me) electron 
vibrates in spiral. At still lower frequencies, electron vibrates in 
loops as shown in figure 10 (/>). 


pig. 10 ( a) Illustrates direc¬ 
tion of propagation of 
electromagnetics waves. 


{*) {b) CO {d) [fi) 





e 



,_i QMCAL 

wo// fWQu&vcy 

tt£Q</£HC/£S 


I- ) 

lO/v 


Pig 10(A) 

Consider an electro-magnetic wave (plane polarized) moving 
along the positive direction ol A -axisol a right handed co-ordinate 
system in the ionosphere. There is a possibility of collision of 
electrons with gaseous atoms or another electrons The ultimate 
effect of which is a type ol frictional force ol coefficient of friction, 


tit will exert a force equal to e (rx//)/r. 
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say £. Let the magnetic field be acting in XZ plane. Then we 
shall have 

Hx=Hl* Hy= 0, and Hz=Ht» 

Now if m is the mass of electron, and v the velocity of pro¬ 
pagation, e the charge on electron, then the equations of motion 
of the electron in the field of advancing electromagnetic wave in 
c.g.s. system are 


or 


"'S=^-^+-c [PX//]A 

md i* =eEx ~ i 7t+ 1 c HT lii 

d*y r. ,dy e .. dz e u dx 

m W' =eEr - ( Ji + ~ Hl 7r~c Ht It 

d*z _ ,dz e dy 

m df*~ eEz ~ ( ~dr~c HL 7l 


...(1) 

...( 2 ) 

...(3) 


1 

I 

{ 


...(4) 


If cu is the angular frequency of the wave, then for a wave 

d de¬ 
motion, value of the operator jw and jgj—«*. 

Then from equation (4), we have 

— mu) 2 x=eE x —ju£x + jw — Hr)’- 


—mu> i y=eE Y —jo)(y+jt*) ~H L z-jw— Hr* 

c c 

— mw*z=eEz — ju)£z —jot 4 Hty 


...(5) 


Dividing by AnNe 2 and putting 
—nior _ t 
4 nNe* ~ A ' 




AvNe- 


B . 


•[rxtfl- 


i j k 
dx/dt dyjdt dz/dt 
H l 0 H t 
dv 

so that [vxH]x=Ht -j g * 

IvxH] y =Hl~Ht^ 

[vxH]z=-H L !j t - 
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a*. ~H t 


=C t 


and 


w.-H L 

c 


AirNe- 


=C/, 


4 nNe 2 

wc get 

E x =(A+jB) 4 nNex-jCr (4 wNey), (°) I 

E Y =(A+jB) AnNey+jCr(AnNex)-jCL (AnNez){h) 

and EzMA +jB) 4 *Nez+jC L (AnNey) ( c) 


...( 0 ) 


Since the plane wave is travelling in positive ^-direction, 
can arrive at the conclusion that 

y-=i^-=0, but 

Maxwell’s electromagnetic equation for conducting medium 
can be written as 

1 cE Ana r 

eurlff “ 7 a 7 + c • 

Since current density J-oE-Ne>\ therefore 


1 ;/£ An Nee 
curi “ 


...(7) 


The components of curl II in different directions arc 
. ... * 


[curl // *= — 
[curl //Jr=-” 
(curl //U—^ 




i'Hz 

dx 




The plane wave can be taken as e 
operators arc 

i- = — ju —- and 

which when substituted in cq. (X) fives 
1 jwEx+ A ”-^ M=°- 

1 jmE r + *-~j"y’*+J" ~c~ 

I 4rrNe . ; \A // 

-i >£*+ — Jo>2 = -Joj — //k- 

Above equations become on rearranging 

Ex=— AnNex. 

E r =-4nNey+\/€ Hz 
Ez=—4nNez — ift Hy 


ju,[,-{X,/')lc) * lha[ 


1 


■•(• 7 ) 


...(III) 
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The other field equation is 

. r 1 dH 

curl E= -p-- 

c dt 

Writing components of curl £, we have 
dE z JE Y _ 1 BHx 
by dz ~ c 8t 


(curl E) x - 


t . rv bE x bE z 1 bHy 
(curl E)y=- 3T - -fo-=- — 


(curl E)z 


-bEx bE v 


by 


r 


bx 


bt 

1 BH 2 
c bt 


d b 

in our case, ^=^-=0, so that 


curl £= 

which can be written as 


* J 
d/dx 0 
Ex Ey 


k 

0 

Ez 


-7>^= 0 ’ 

1 ^ (H ^ Ez 

~78F (Hr) -~ 37 

1 3 in \J E * 

~ 7 dF m= 17' 


Now we know that 


b . A b . 

——y«u and -jui-— 


so that above relations become 
- jj»Hx =0 


Hx=0 


— jwH r =j<» Ez or Hr= — V(«) Ez, 

- j jwHz=-jw E Y or H Z =V(<) Ey. 


...(II) 


We can [from eqs. (10) and (II)] show that, components of 
E, are connected to dielectric constant by the relations 

Ex= — 4nNex ~| 

(«— 1 ) E r =4nNey }■ 

(€-\)Ez=4nNez J 
From eq. (12) and eqs. 6 (a), we have 
4nNex (l-[-A+jB)= jCrAirNey, 

iC '™' y ...(13) 


..( 12 ) 


or 


AirNex- 


1+A+jB 
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From eq. (12) and eq. 6 ( b ), we get 


AttN ey 


(A+jB) AnNey=j (4 irNex) C T -jC L A-Nez. 


Putting for x from eq. (13) in above equation, we get 

O 2 


or 4 nNey 


iv 


(A+jBh- 


\=-jC L . 


4*Nez, ...(14) 


.••(15) 


(1 + A+jB) 

Further from eq. (12) and eq. 6 (c), we get 
4 ttA 'ez | J -(A+jB) J* =jC L ArrNey. 

Multiplying eqs. (14) and (15), we arrive at 

[-L T - (/l+ j S )J +(Ti ^ ro [.]-&*-"• 

This is quadratic in -(A+jB) J, so that wc can solve 
it to give 

I 

«=l + 


M I JB) 2(| + ' +jB) ±J(i { | + T A vjB y + C t S ) 

This is the Appleton llartree formula for the dielectric cons¬ 
tant of medium in presence of magnetic field taking into account 
the collisions. It is seen that < has got two values corresponding 
to the positive and negative signs involved in the formula and the 
incident wave will be split up into two waves —ordinary and extra¬ 
ordinary. Hence the medium acts as doubly refracting crystal. 

Special Cases : 

(A) No external magnetic field : 

When //=0 i.e. C r =C L - 0, wc find 

I 


< = l + 


A+jB 


1 


j fa 


= 1 


4ttAV : 


—//Jur-f-y<u£ 


= 1 + 


4 vN* ' ArrNe- 
4 nNe- 
—niui 1 I jut 


I.e. dielectric constant of ionosphere depends upon the electron 
number density N at a particular frequency. 

(B) Longitudinal propagation : 

When component // r =0 i.e. when the magnetic field is along 
the direction of propagation // L *0, C L *0 but C>= 0 , so that 
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€=1 + 
= 1 + 


(A+jB)±C L 


1 


/—mar . j(u \ . e.Hv» 


+ 4*Nt? 

If £=0, neglecting collisions, 

J 

—mur c.Hlw 

4t rNe i ^c.4nNe z 


)*s 


AnNe 2 


€=1 + 


1 


^ —miD* 

4nNe'- ^cMNe 

This formula shows that the dielectric constant depends upon 
the magnetic field, density of electrons and on the frequency ot 
the incident wave. Thus we find that there is dispersion. 

(C) Transverse propagation : 

In this case Ht* 0, Hi— 0, Cx=0, Cr^O, 

‘” 1+ 7 <V Cr> 

A (!+-<) 

SPLITTING OF RADIO WAVES IN IONOSPHERE : 

The splitting of radio waves, as they travel upwards in the 
ionosphere, is best explained by the Appleton Hartree ionic for¬ 
mula. According to this formula, refractive index is 

1 

m *2 = C=1 + 


~Cp- T\ Cr 4 

(A+jB)- 2 -(f +A+jB) ± J\ni + A +jW 
For simplicity, we assume that B= 0; then we have 




.* 2 . 


I 


1+ . cs It c7 

A ~~ .^14(1+. 


,+Cl 2 


} 


2(\ + A) V ("l+'O* 

For explaining the splitting of radio waves, we must note that 
of vi'rfiral reflection u*=0, SO that 


for the condition of vertical reflection p*=0, so that 


A- 


(IM) 


2 (I +/i) 

C-T 

2(i+/i) ± -y\4(i + a) z 

Ci* 


(I +'4) 3— 


-J{4U+ C '\ 

jjCiL+csa+A)^. 


Squaring both the sides, 

(l+X)«+-£-(l + '4) 2 C r ==-J-+C^ (!+,*)*, 
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(1+/0M1+Cr]=0, 

(I +A'f [(l+/J) 8 -(C r 2 +Cr)]=0. 

Either (1 + /I)’=0 .-(I) 

or [(I+^)MCr l +C L *))=0. -M) 

Let C T 2 -rC L 2 =y 2 ; 

then we get l+/t=0, ...3(a) 

\+A=±y. ...3 (b) and 3 c) 

The first condition 3(a) of reflection is independent of the 
earth’s magnetic field. 

Now let us draw dispersion curves as in figure 11, showing 

relation between u* 2 and *=—j-(= 4 —f =constant.A 2 )• 

A \ fflw / 

A study of dispersion curves discloses the remarkable fact that 
the value of x= —j-, for which /i* 2 becomes equal to zero, is inde- 

A 


pendent of the inclination of magnetic field 
propagation. Now for any 

inclination of magnetic field ? 0 i -r 

to the direction of wave /5 
propagation, it is seen that f 
the refractive indices are | ioJ 
always brought down to zero * 
value at £,, 0 and/: 2 . The oS 

electron number density Q _A 

corresponding to the point 

0 is given by H-/l=0, i.e. % ~ 0/ > 

the condition of reflection 

represented by this point is 

the same as that for the case - j-5 / 

of no magnetic field. The ^ / 

ray which undergoes rcflcc- ~ 2 * c 

tion at this point is called 

ordinary ray. The ordinary lig. II. 


to the direction of 



it/WY 
/1 


■ x.-i * 
Dispersion curves 


ray of which the refractive index varies along the curves BE X and 
FE t and attains zero value at the point I \-A~ ±y is called extra¬ 
ordinary ray since its condition of reflection is affected by the 
magnetic field. However, the analogy cannot be pursued because 
there arc cases in which both ordinary and extra-ordinary rays 
may be reflected from the same height. 

STATE OF POLARISATION : 

According to Appleton Hartrec formula, 

(A+jB)- 2 (| ( t aJU) ±J \ 4 ( | +/(+y ^ + C ^} 

where /*** is complex refractive index. From above, the state of 
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polarisation is 


R -vM{i*r-rW» }• 


^ ~ 

where H z is z-component of magnetic vector of wave and H y is the 
^•component of magnetic vector of wave. If B= 0, then 




Again by putting x=— -j-. 


R=-j{f±V(. 1 +/ 1 )}. 


...(A) 


where f=pf~, P^tT^TT- 0 is the an * ,e be,ween the direc - 


2 cos 0 


tion of propagation and the positive direction of the magnetic 
field. 

The sign before the expression for R has been made negative 
because the charged particles in the ionosphere which influence the 

propagation of waves arc supposed 
to be electrons. R thus signifies the 
ratio between the components of the 
magnetic vector of the wave in and 
at right angles to the plane contain¬ 
ing the wave normal and the direc¬ 
tion of the magnetic field hereinafter 
called the magnetic plane. 

When R is zero, H. is zero and 
the wave is plane polarised with its 
magnetic vector perpendicular to the 
magnetic plane. When R is infinite, 

H y is zero, and the wave is again 
plane polarised, but with its magne¬ 
tic vector in the magnetic plane. When R is numerically equal to 
unity, the magnitudes of H : and H y are equal and the wave is 
circularly polarised. 

We will describe here the nature of polarization of the various 
types of waves that are propagated in the ionosphere. 

(/) Longitudinal case : In this case. 0=0 and R — ±j. 

For R=j the components (H y , H ; ) are equal and have a phase 
difference of *12, while in other case when R=-j the phase 
difference is -tt/2, so that two waves into which incident wave 
splits are both circularly polarised but in opposite sense. 

(//) Transverse case : Here, putting d=*j 2, we find R to be 
equal to —yco or 0; these are interpreted as states of plane polari¬ 
sation. For transverse propagation, therefore, the two component 



Fig. 12. Illustrating elliptic 
polarisation of the magneti- 
cally split components. 
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waves into which an incident wave is split up are, in contrast to 
the longitudinal case, both plane polarised. 

(ill) General case : The state of polarization for any direc¬ 
tion of propagation other than longitudinal or transverse is in- 
general elliptic. The two ellipses, corresponding to the two split 


components, have the same 
ratio as of the major to the 
minor axis. They are, 
however, oriented at right 
angles to each other and 
their senses of rotation are 
opposite. 

In order to deter¬ 
mine the polarization, 
we have to take all these 
factors into account. 
This may be done 
first by plotting graphs 
connecting. 



for various values of y 
(fig, 13) and then graphs 
connecting R and .v for 
various values of ft (fig. 14). 

As is evident from the 
figure 14, the state of pola¬ 
rization therefore changes 



0 jo 20 30 AC SO 60 70 60 90 


n (degrees) 

Fig 13. Variaiionof {3 with 0 for diffe¬ 
rent values of y. 



as the wave travels through 


X —> 


the regions of continually Fig 14. Illustrating changes in pola- 
changing electron number risaiion as the wave of agivenfrequ- 
density. ency enters into legions of increasing 

If the exploring wave electron number density, 
reaches the region of reflection of the ordinary wave, where 


—* i e. x= I, the state of polarisation changes sign, i.e. which 
4 nc 2 

was previously right handed becomes left-handed and vice-versa. 
The wave is plane polarised 


33*5. SKIP DISTANCE AND MAXIMUM USABLE 
FREQUENCY: 

Now we shall discuss the considerations, e.g., skip distance 
and maximum usable frequency which ought to be taken into 
account in deciding the frequency of transmission for short wave 
inter-continental communication. 
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We have already proved that refractive index is 


sin / //, 80 6 N\ 

sin r~J\ p ) 


According to this relation, as the wave penetrates into regions 
of greater electron density, the angle of refraction increases corres¬ 
pondingly. When /z has decreased to the point where /x=sin /, the 
angle of refraction r, will be 90° and the wave will be travelling 
horizontally. The highest point reached by the wave is therefore 
that point at which the electron density N satisfies the relation 

Jy p ) S,n 1 0r N 806 ‘ 

If the electron density at some level in a layer is sufficiently 
great to satisfy relation (I), the wave will be returned to earth from 
that level. If the maximum electron density in a layer is less than 
that required by relation (I), the wave will penetrate the layer 
and may be reflected from the higher layer of greater ionisation 
density. 


Critical frequency is the maximum frequency of the wave 
which is returned from a layer for normal incidence. However, a 
wave having frequency greater than critical frequency can return 
to earth if it enters ionospheric layer at an oblique angle, say /. 
Thus in case the frequency of the wave exceeds the critical fre¬ 
quency, the influence of the ionospheric layer on the path of 
propagation depends upon the angle of incidence at the ionosphere .f 
it is noted that as the angle of incidence at the ionosphere dec¬ 
reases, the distance from the transmitter, at which the ray returns 
to ground, first decreases and at a particular angle of incidence it 
becomes minimum which is called the skip distance. With further 
decrease in the angle of incidence, the distance to the point of 
return first increases and then with still smaller angles the wave 
penetrates the layer. This state of affairs can be explained as 
follows: with large value of angle of incidence, the relation (1) is 
satisfied with small value of electron density and therefore the 
wave is returned to earth only after slight penetration into the 
ionised media [ray (i)]. When the angle of incidence further 
decreases [as for rays (ii), (iii)] the relation (1) will be satisfied 
with some what greater value of electron density; consequently 
the wave penetrates more into the ionised media and returns to a 
point on the ground more close to the transmitter. With further 
decrease in the angle of incidence, the wave will reach to the 
regions of higher electron density and near the regions of maxi¬ 
mum electron density the change of electron density with height is 
relatively small; due to this reason, the bending of the wave away 
from the normal will be gradually through small angles and the 
wave will travel almost horizontally (parallel to the layer) for a 
considerable distance. It will therefore return to a point on the 


t/ J cos’/=/,». At«=60°. / c *=/*/4 or /=2/ c . 
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ground which is at greater distance from the transmitter [ray (/»•)). 
Finally, when the angle of incidence is reduced to a very small 
value then relation (1) is not satisfied because such a high value of 
electron density is not available in the ionised media; consequently 
the wave penetrates the ionised media [ray (r)]. 

The minimum distance from 
the transmitter to the point on the 
ground at which sky wave of a 
given frequency will be returned 
to earth by the ionosphere is cal¬ 
led skip distance. We shall show 
in equation (8) that skip distance 
depends upon : 

(/) f the frequency of trans¬ 
mission, 

(ff) f et the critical frequency 
of the layer and consequently on 
the electron density because f — 80 6 N\ 

(Hi) li, the height of the layer. 

Since f ( , and li arc the characteristics of any ionospheric layer 
and therefore each layer in the ionosphere has, for each frequency 
f a skip distance. The smallest skip distance is sometimes for E 
layer and sometimes for F layer but rarely for F x layer. 

As is obvious from forthcoming equation (8), skip distance 
increases with frequency provided height and critical frequency are 
kept constant. Therefore for a fixed value of skip distance, there 
would correspond a certain value of frequency. The frequency 
which makes a given receiving point correspond to a distance from 
the transmitter equal to the skip distance lor that frequency is ter¬ 
med as the maximum usable frequency [MUF) for communication 
to the receiving point. Therefore if the frequency of the wave 
exceeds the maximum usable frequency for a given receiving point 
then the layer fails to return the wave to that point. That is, there 
would be no reception at that point, for the distance to the recei¬ 
ving point falls short of the skip distance. If on the other hand, 
the frequency is less than MUF. then the distance to the receiving 
point exceeds the skip distance and propagation is effected by a 
relatively more slanting ray. The maximum usable frequency is of 
significance for two reasons : 

(I) it is the maximum frequency that can be used in order to 
receive a sky wave at a given receiving point, and 

(H) it is the frequen y at which the sky wave signal returned 
10 the ground is, in general, strongest. 

The value of MUF for ordinary ray is always less than that 
h cxlr . a °^*nary, although this difference is small except for 
snort distances and decreases with increase of frequency and 
distance. 



Fig. 15. Illustrating the skip 
distance. 
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From the forthcoming equation (4) we note that maximum 
usable frequency is related to the critical frequency and the angle 
of incidence by 

MUF=f c sec i. 

In the case of F-Iayer, the maximum angle of incidence is 
of the order of -74 degrees which occurs for a ray that leaves the 
transmitting point at the grazing angle. Therefore, for F 2 layer 
MUF=f e sec 74°=3*6/ f . 

The highest frequency signals deliver greatest field strength at 
the receiver and as the frequency is reduced the field strength be¬ 
comes less , particularly during the day time. The ionospheric sudden 
disturbances greatly reduce the maximum usable frequency and the 
absorption is very much increased, thereby , reducing the signal 
strength. Therefore frequency of communication is to be altered. 


OECEM8E* 7937 


The maximum usable fre¬ 
quency shows day to day varia¬ 
tions. Therefore they are selected 
on the basis of monthly averages. 

It is customary to choose a fre¬ 
quency atlcast 15 percent below 
the monthly average for maxi¬ 
mum usable frequency to take 
care of day to day and hour to 
hour deviations. This selected 
frequency is called optimum fre¬ 
quency. The optimum frequency 
for transmission between any two 
points is therefore selected as 
some frequency lying between 
about 50 and 85 percent of the 
predicted maximum usable fre¬ 
quency between those points. 

Figure 16 shows the variation of maximum usable frequency 
as function of distance for various times of day. Each curve is 
marked with appropriate local time and with the layer determin¬ 
ing the maximum usable frequency.* 

Now we shall develop few mathematical relations for skip 
distance and maximum usable frequency. 



Fig. 16. Variation of MUF 
with distance. 


Expression for skip distance and MUF : 

In the theoretical determination of the maximum usable fre¬ 
quencies, it is convenient to consider separately two cases : 

(/) distance within 500 km. for which the earth may be con¬ 
sidered as flat, and 

(//) distance greater than 500 km. for which the earth’s cur¬ 
vature has to be taken into account. 


•For Washington, D C. 
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(i) Flat Earth (Thin layer): For the case of flat earth and 
thin layer, the maximum usable frequency and the skip distance 
can easily be calculated geometrically. This case is practicafly 
realised when the distance of transmission is less than MJU km, 
and reflection takes place from sporadic E region. 

Neglecting collisions and the effect of the earth's magnetic 
field, the maximum frequency/which can be g r J fl 6 e ^ d f 

layer at an angle of incidence / is given by/-= cos t / ' 

Therefore critical frequency for which 1 -°, ^V.(3) 

because/, is the frequency for which the refractive index ol the 

medium becomes zero at the top of the trajectory. 

From equations (I) and (3),_ A --- 

we find that f c =f cos i. ...( 4 ) /l\ 

Figure 17(d) shows trans- Ah \ 

mission path for the case ol / \ ' 

reflection from a thin ionized / \ ^ 

layer (flat earth). / \ 1 

Now from figure 17(d). / \ 

wc have Tr- - ~\ D - 


tan -(5) 




where D is the distance of trans¬ 
mission and li the height of the 
layer, 

D : 

or l+tan 2 /=l+j^ 

• • i 7)2 

or sec- 

From equations (4) and (f>). wc have 

fr W 


Fig 17 (<i) Transmission paih for ihe 
case of rcllccnon from a 
thin ioni/od layer. 


...( 6 ) 


...(7) 


The equation (7) gives the maximum frequency which may be 
used for the minimum distance />. the skip distance, upto which 
a particular frequency can be used. Thus 

//DM4/r\ 

J[ Air ) 


and 7(^-1 )• 

(ii) Curved earth (Thin layer): l r lhe earth is considered flat, 
then it is obvious that as the angle of incidence of the wave is in¬ 
creased, the skip distance will abo increase until it extends to 
infinity. If however, the curvature of the earth is taken into 
account, the skip distance cannot extend to infinil>; but fliains a 
maximum value when the ray leaves the transmitter tangentially 
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tan i= BT 



£§e/s* 


to the earth (fig. 17 b). 

Let 20 be the angle sub¬ 
tended at the centre of the 
earth by transmitting dis¬ 
tance D; we have 

D=2R0 % ...(9) 

R sin 0 

AT h+R—Rcosff 

sin 2 0 R 2 C'f' 

or tan* i=rr-r~ D D . Fig. 17(A) Transmission over a curved 

{h+R-R cos 0)- earth by rcflection from !hc 

Therefore, ionised layer. 

C0S 2 :J1 _ ( h+R-R cos 0) 2 

/ 2 “* 2 Sin 2 0+(h+R-R cos 0) 2 - (,0) 

Under the condition of maximum 0 is maximum and is 
given by 

Since 1, cos 0s 1 or 0 is always very small. We may, 


R 


therefore, write that 

cos 1-0* 

On putting for sin 0 and cos 0 in (10), we get 

r JW*+|a+*-JI ( 1-fU* 
D 2 

Putting we get 


...( 11 ) 


tf [ *«-*+*?! 

'"H *+*-*+gj 


/max- —fe 


'?+(*+ 5 ) 


112 


...( 12 ) 
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Variation of maximum usable 
frequency factor, f max ft* with trans¬ 
mission range D for curved earth 
and thin ionised layer has been 
plotted in fig. 17 (c), for two 
altitudes i.e. for £ layer ( 110 km.) 
and F, layer (300 km). It is reason¬ 
able to expect that the optimum 
short wave frequency will be high at 
low altitudes. 



Fig. 17. (0 Variation of MUF with 
distance. 

FOIIIVAI ENCE OF VIRTUAL HEIGHTS OF REFLEC- 
H FOR OBLIQUE AND VERTICAL INCIDENCE : 
(Group Path and Equivalent Path) : 

In this article, we shall prove the following two theorems : 

(i) The lime of travel of a radio wave around the real curved 
path in the ionosphere is equal to the time of travel around the 
virtical triangular path at the velocity of light ,n free spaa. 

lii) If a vertical ray of frequency f, and an oblique ray of 
frequency f are reflected from one and the same region in the lono- 

then virtual height Is also the same for both the rays . 

Proof of First Theorem : Let a sky wave incident obliquely 
at an ancle / on the ionised layer, travelling from 7'to R. follow 
a path such as TBR (fig. Uto). The apex B of the path corresponds 
to an ionisation density sufficient to reflect 

Path TM and NR are traversed in air (,.= l) wi h velocity of light 
in free space, while path MBN lying in ionised region (,. < I). 

. . P , il .. velocity* v, of the waves in the ionised 

is traversed by the group velocity . ■ . . 

region that is less than the velocity of light. Path TBR is called 

group path. Refer to fig. I Mo). The two waves one incident 

obliquely, other vertically arc shown The real height for the two 

waves is (//„+)„). while virtual height for oblique ray is (VB„) 

andlbr vertical ray is (h„+yX For the proof of first theorem we 

are to show that 


806 NVi* 

P I 





1396 


Hand Book of Electronics 


tTMBR = tTMAR 

or tMBN=tMAN, (path MAN being considered in free space) 

/ e. time along the triangular and the curved path, taken by the 
wave to travel is the same. Actual path is TBR and equivalent path 
(virtual path) is TAR, the latter is considered in free space. 



Fig. 18. (a) Actual height from where both rays are reflected=A 0 +y 0 
virtual height for oblique ray 
virtual height for vertical ray=/r 0 +.y„ 

Consider now that the whole triangular path TAR, obtained 
by extending straight line portions of the actual path TBR, lies in 
free space. Then time taken in traversing path MAN will be 

pathMAN ... 

tMAN= --- •••(!) 


Let us consider path MBN. Velocity at any point in the 
ionised region is given by the group velocity, 

/ , so-6Ny/* 

* me ( l —rb 

where N is ionisation density at that point and /is the frequency 
of wave incident obliquely. Since N varies, v t will also vary along 
the path MBN so that time taken by the wave to travel along this 
path will be 

, f ds 

thl bn I —■ 

JMB\V g 

Since iy>=c 2 and /x=c/i> we have v g =pc, so that 

, f ds l t ds 

l MBN= — — ...(2<i) 

)MPNP-C C)H BN p v 

We, in fig. (18 b), are again showing separately the path MBN 
in ionised region. While the wave is travelling, at any instant, / 
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let ds' be any elemeut of path, r be the angle made by the direc¬ 
tion of propagation of the group at any point in its path with the 
vertical, dx' be the horizontal component of ds and n be the 
refractive index at that point then 
dx'=ds‘ sin r 

so that 


1 f ds' 

tfilBN — - -T 

CjMBS I 1 

1 fA* dx' 
"cjo p'sinr 


•Mb) 


6 



Fig. 18. ( b) Snowing the path MBS in ionised region. 
But according to Snell’s law, 

, sin / 
r sin r 


so that 

I dx' Lx 

Imbn- c J # sin i c sin i 

But from (fig. I8fl), we have 

Af=iV//l sin i 

or i X =2MA sin i-MAN sin i 

Putting it in eq. (3), we get 
MAN 

tHBN = ~= 



(sec cq. 1 ) 


This proves the theorem that time taken along the path MBN in 
ionised region is the same as the time taken by the wave in tra¬ 
velling along the path TAR considered fully in free space. Thus 
time of travel along actual path and equivalent path is the same. 

Proof of Second Theorem : In fig. 18 (a) we have shown two 
waves—one incident at an angle, /. at the ionised layer and the 
other incident vertically. Both arc reflected from the same real 
heights. We are to show that 

h 9 +y.'=h 0 +y 9 
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As the wave is reflected at point B, we have for oblique wave 

sin i . . 

li B =~ —oh =s,n 1 

r sin 90 


Also 

so that 


MS 


u B 2 =sin 2 i 


(,-^r 


■( 


r 


or 


..(4) 

...(5) 


80 6N B =f‘- cos 2 i 
For vertical wave, i= 0, so that 

80-6 N B =f'=f< t . . 

where /'< is termed as critical frequency (or equivalent normal inci¬ 
dence frequency corresponding to oblique ,/)■ 

Now refer to fig. (186). For any point, say above M, in 10 m 

sed region, we can write equally well that 

80 6 N' 

a -!• 


P 

80-6W' 
806 N b 
806W' 


cos 2 i 


P 


cos 2 / 


(using eq. 4) 

...( 6 ) 


Further 


, sin i 

a = —— 
sin r 


or n' 2 sin 2 r=sin 2 / 

or (I— cos 2 r)=sin 2 i 

oJ. /i' 2 =#i' 2 cos 2 r+sin 2 i 

Equating eqs. (6) and (7), we get 

u' 2 cos 2 r+sin 2 /—1— 80 -? -cos 2 i 


...(7) 


P 


or 


, 80-6N'\ 

n' 2 cos 2 r=cos 2 / ( 1- -j \— j 


—fig cos 2 / -- : ( 8 ) 

where n' e is the refractive index of the same region for vertical 
wave frequency,/o the critical frequency. 

From fig. 18 (a), we have 

. MAN 

y\=MA cos /=cos i. 


cos i 


2 

MAN 


2- C - c 


rrtc i 


2 


•C.tMSV 
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_££i L c I f % (using eq. 26) 
2 C J UBN M 

cosjf 

2 J mbs / 

If dy is the component of path clement di' in the vcrtica 


direction (fig. 186), then 

dy=ds' cos r 

so that 


. cos i . f y . ...(10) 

2 Jo / cos r 

. p. _ 'tv_ 

'Jo • c 2Li.. cos r 


cos / 


cos r 


■I; 


0 /< 


. cos r (using eq. 8) 
...(ID 

But corresponds toV wave of frequency / v^icl. is inci¬ 
dent vertically (/-0) ai the ionised layer and therefore 

f‘ d 4=y. 

Therefore from eq. (II) and ( l2 )- we 6 cl 
y ~)'v 

or vir.ua. heSoiob^ue wave-vir.ua. heigh, of vertical wave 
Thus r6e 

f of obliquely -. proeided «* — 

reflected from the same region of ionisation. 

«■ SSS sss ™ iSSherk 

REGION: j.. | 

„ , ,, ... . nnr nf .lie radio methods developed lor 

(A) Pulse Mc,h “ d . ° rc ln and which is now universally 
exploring the .onosphenc f jntro(Juccd by Brcj , anil juve. 

employed ls ‘^ P a llllcs h °hat ca n be measured by radio method 
The 'onosP h cricquan...estna 1 ca are following ; 

° f TZc X b“ y the «dio signal to travel up and down 
from the ionosphere. 

ih\ Intensity of the reflected signal. . , . , 

* The state of the polarisation of the received signal 
2 Maximum electron number density of an ionized layer. 

(a) Determination of equivalent height : 

Principle ■ In this method, time taken by a series of radio 
frequency ‘pulses' of short duration to travel up to the ionised 


1400 


Hand Book of Electronics 


region and return to the earth is measured. Knowing this time, 
the equivalent height of the reflecting region is easily calculated. 
This method is also called ‘group retardation method’ because the 
signal in its passage through the ionospheric region travels with 
the velocity appropriate for a wave group. 

Method : An actual sky wave travelling from T to R will 
follow a path as TBR [fig. 19 (a)]. The apex B of the path corres¬ 
ponds to a point in the ionosphere where the electron density is 
such that the wave is reflected. 


/oa/osph£*£ 



Fig. 19 (a) Illustrating the principle of measuring the 
equivalent height. 

The paths TM and NR are traversed in air (n=l) with the 
velocity of light in free space. The length MBN, being in the 
ionized region (ft < 1), is traversed with a group velocity* less 
than velocity of light. The time taken by the signal to traverse 
the path TMNR is, therefore, given by 

i=[ * 

JThNR V 

where ds is an element of path and v is the velocity of wave group 
at any point in its path. 

Consider now the triangular path TAR obtained by extending 
the straight line portions of the actual path TBR. The time req¬ 
uired for a signal to travel with the group velocity over the actual 
path TBR is then the same as that required for a signal travelling 
with the velocity of light to travel over the equivalent path TAR]. 

•The phase velocity is determined by the rapidity with which the phase 
changes along the path of a wave and is. therefore, different from signal or 
group velocity. We have seen that for ionised region, the group velocity is 

W( , -£Hy( , - 8 ^> 

predicting that 

Vg < C t 

for ionised media. 

tThe group velocity in the ionosphere is just enough less than the 
velocity of light to make up for shorter distance. 
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Thus the ionosphere could be replaced by a perfect reflector 
located at the height of point A (virtual height) without affecting 
the conditions of propagation. The path TAR is, therefore, called 
the equivalent path P'. Thus 

Length of P'=c f — 
jtmsr v 

In this way we get height AG of the vertex of the equivalent 
triangle which is called the equivalent or virtual height. The 
equivalent height is thus always greater thart the true height BG 
of the point of reflection. 

Technical Details : Transmitting and receiving systems for the 
pulses sent upwards for the exploration is shown in fig. 1 9 (/>). 



6mVD jew*T 

pols£ stymie /vise 


A rOL 

A 


A 


.r/x/e -—* 


m pmesAutesyew/cAL 

omecr/av , : 


(L) PPCEMD PULSE WATS OP 
w Wfi/ZOA/rALLY AfOMG SPO? 
(sw&p) 


Fig. |9 (h). Assembly for pulse method. Fig. I'M*’)- 

In this method, short pulses, about 50 to 100 per second are 
transmitted. I he frequency of pulses is changed gradually so that 
a frequency range of perhaps 0*5—2 mc/s is covered in a period of 
about 15 minutes. Pulses have peak power of several hundred 
watts. Receiver is located at a distance of few feet front the trans¬ 
mitter and picks up both the direct and reflected signals. The out¬ 
put of the receiver is fed to y plates or vertical deflection plates of 
the oscilloscope. On x plate or horizontal deflection plates, no 
external voltage is applied but internal sweep synchronised with 
the pulses sent upwards, is used. First the transmitted pulse 
(ground pulse) and then the reflected pulse (first skywave pulse) 
produce vertical deflections as shown in fig. 19 (c). The time inter¬ 
val between these two pulses is a measure of the path length and 
suppose it is / sec., then the total distance travelled by the pulse 
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will be cl, where c is the velocity of light. The half of this distance 
travelled (if the waves are sent vertically upwards) i.e., K , wlll 8 | ve 
the virtual height. We calculate virtual he'ght because jt has been 
assumed as if ionised region is not present and the pulse has 
traversed the entire path with velocity c in free space. We illus 
trate the method by the following example : 

Suppose the disiance be.ween the ground and sky wave pulses * 1« « 
If the sweep speed is 20 meters per second, then to find the effective height 
the ionospheric layer, assuming ,he speed of electromagnetic waves ,n free 
space to be 3 x 10* km/sec. 

in this example sweep speed is given. Therefore time interval be.ween 
ground and sky wave pulses is 


t= 


1-6 1 


100 


X—second. 


The total distance travelled by .he sky wave, will be 

-a**®* 3 * 10 "”''"- 

=24 x 10 4 meters 
so that the effective height will be 

= 12xl0 4 meters. 

Additional pulses, through absent in many cases represent 
either waves returned from higher layers or waves that nave made 
more than one round trip between earth and first layer. A second 
c m cho pulse would mean the sky wave pulse that has taken one p 
more between earth and first layer. 

(b) Maximum Electron Density : 

(0 When I he magnetic field is not accounted-. To• 
the maximum electron number density N„„. of an ionised layer, 
IxolorTne waves of gradually increasing frequency are sent verti- 
fi upwards to meet the layer. Reflection will occur up» « 
certain frequency and after that if the frequency is still increased, 
there will be no reflection. The limiting frequency at "btch the 
reflections-the so called ‘echos'-just begin to disappear, is called 
the critical penetrating frequency of the layer. 

Condition of reflection from the ionospheric layer is 

In case of normal incidence, /—0, i.e . 0, 

N=N ma x. and w=<o c =2nf e . 


sin- / 


We get 


1 


4 n N, 


■" =o. 


nuo c - 
rrm 


iV bo ,=^/ c 3 =V24x10Vc=, 

where/ c is expressed in megacycles per second. The determination 
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of/e, therefore, leads to the calculation of the maximum electron 
number density of the ionospheric layer penetrated. 

(//) When the magnetic field is accounted : When magnetic 
field is present, the wave is split up into two components and the 
equivalent heights of reflection and the penetration frequencies of 
the split components—the ordinary and extra ordinary—have to 
be distinguished from each other. 

As the frequency is increased further above the critical fre¬ 
quency for the lower layer, a second and sometimes third critical 
frequency may be reached corresponding to the critical frequencies 
for the higher lavers. Virtual height and frequency curves are 
shown in fig. 19 (d). Jn figure, 0 indicates ordinary ray and x 
indicates extra-ordinary ray. At higher frequencies, the earth's 
magnetic field causes the virtual height trace to split into two 
parts corresponding to ordinary and extra-ordinary rays which 
have different phase and group velocities. 



Fig. 19. (d) f £ represents critical frequency of £ layer for ordinary ray. 

/'. represents critical frequency of £, la>er for extra ordi¬ 
nary ray etc. 

Assuming that the echoes corresponding to the ordinary and 
extra-ordinary components have been identified, the maximum 
electron number density can be calculated by noting critical penet¬ 
ration frequencies of these components. Thus for ordinary wave, 
if the critical penetration frequency be fi, then 


N -—f* 


For the extra-ordinary wave following cases arc to be distin¬ 
guished : 


(a) If the exploring frequency is greater than the gyrofre- 
qucncy (w > w// ), then the extra-ordinary ray may be reflected 
from two distinct regions of electron density given by 

u) c 2 =o > 2 — ft.Of II 

w £ "=or-f w.w//. 


...(//) 

...(Hi) 
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These can be derived from conditions of wave reflection from 
art. 33-4 that are 

1-M=0 for ordinary ray 
1 +A=±y for extra ordinary ray 

Putting A= J n ^ and y=y/(C L z +Cr) 
with Cl=C ~WW and Cr= 4WV?’ 


-Set I-^=±b 


Putting 


—m.H 

C 

■ 4 nNe* 


4 rrNe 2 


, called critical frequency 


we arrive at 


a>//=— , called gyromagnetic frequency 
me 


ar uj.wh 

w c 2 


or Oi f , =u> 2 iw.a>// 

or fc 2 =f 2 ±f-fH. 

Since electron density increases with height, the region de¬ 
fined by (//) is at a lower level than defined by (Hi). Generally, 
most of the energy will be reflected at the lower level. If we denote 

the critical frequency for this layer /*=^, then from second con¬ 
dition, 

.{h 

m 

or (/,*-/*/*)• •••(*> 


(b) If the exploring frequency is less than the gyrofrequency, 
then the extra-ordinary component is reflected from the level 
given by 

o > c 2 = or-f w.w/f 

from which we get 
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where f H = 


eH 


2nmc 


, called gyromagnetic frequency. 


(B) Automatic Multifrequency Ionospheric Recorder: Owing to 
the rapid changes in ionospheric characteristics, it becomes 
necessary that frequency range of pulses to be sent upward be 
covered in as short a time as possible. The main characteristics of 
automatic apparatus, as distinguished from manually operated 
ones, are that 


(i) the transmitter and receiver tuning systems are always 
kept tuned to each other, 

(ii) the oscillator frequency is slowly varied automatically 
over the entire range, and 

(iii) the operation is repeated automatically at predetermined 
intervals. 

Main construction details should, therefore, include the 
following : 

(a) Transmitter : It consists transmitting valves in push pull 
arrangement for high power output. The entire frequency range 
to be covered say 1 — 13 mc/s, is divided into bands and for 
each band, separate oscillator tank circuits arc employed. Trans¬ 
mission line feeds the power to antenna having broad band and 
vertical directivity. 

( b) Receiver : It is of superheterodyne type having 2 or 3 
intermediate frequency stages. The tuning range of the receiver 
is divided into a number of bands corresponding to the number of 
bands of the transmitter. Each tuning unit has its own r.f. and 
mixer stages and is interlocked w ith the corresponding band of the 
transmitter. The selectivity of the receiver is adjusted to accept 
the bandwidth of the pulses without serious loss in sensitivity. It 
is also designed in way as to be able to recover quickly from the 
paralysing effect of the direct transmitter pulse. 

(c) Recording System : It is a C.R 0. with a film camera. 
The output of receiver, which always remains in tune with the 
transmitter, is applied to the vertical deflecting plates of the oscillo¬ 
scope. The time base of the oscilloscope is generated by a circuit 
driven by the main multivibrator pulses. The echo pattern 
produced on the screen is photographed continuously on a moving 
film by the camera. From the calibration markings on each 
record, the heights and the penetration frequencies can be read 
directly with accuracy specified. 

(d) The variable frequency tuner : It is responsible for 
controlling the tunings of the transmitter and receiver and for the 
repetition of the frequency sweep at predetermined intervals. The 
variable condensers, of both the transmitter and receiver circuits 
arc driven mechanically so that transmitter and receiver remain in 
tune. 

(C) Panoramic Recorder: This recorder depicts a delineated 
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virtual height vis frequency curve on the oscillograph screen. Thus 
a standing picture of the reflections from the various ionospheric 
layers is readily available and we can study the rapid ionisation 
changes in different layers occurring during radio fade-outs 
and magnetic storms. It also displays the echoes of sporadic 
E layer (whose height and location rapidly change). 

For recording arrangement, a large cathode ray tube with 
long after glow is used. The ground pulse (pulse which is sent 
upwards by the transmitter is also fed to the receiver) and the 
echoes appear as bright spots and the time base sweep moves 
horizontally as the frequency is increased. 
sweep is sufficiently quick and the ajtergowts sufficten, lylong, the 
virtual height t/s frequency curve will be directly traced and 
observed on the screen as a bright line. The special refinements 
of this type of recorder are 

(i) bright spot records 

(ii) fast frequency sweep (5—10 secs.) 

(iii) arrangement for slow movement of the time base as the 
frequency is gradually increased. 

Its principle of construction is depicted in fig. 19 (e). Details 


Ionosphere 


Transmitted 

pulse 


Pulse _ Irons- 

Generator n milter 


Receiver | | *°ofij r !£ c/ 


Rheostat 


Motor 

Gear 


lun/ng System 
Redoes —— 


Height markings 
teach 50 

Ground Si gnat — 

frequency — 
marking 
each mc/sec 


Hr 

3000C/S 


Vert/CO/ 

time base' 


Power 

Supply 


CRO screen 


Deflecting L Concentric 
coil coll 


Fig. 19 (e). Panormic ionosphere recorder scheme. 
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can be listed as follows : 

(i) A correction wheel tunes together the transmitter and 
the receiver, 

(ii) C.R.O. screen has an afterglow of about 10 seconds, 

(iii) the size of panoramic picture is 18 cm x 9 cm. 

(iv) record for each picture takes 3—5 seconds, 

(v) frequency range is from 1-4—14 mc/s, 

(vi) the vertical deflection line moves from left to right in 
synchronisation with the rotation of the high frequency tuning 
system, producing the afterglow pattern. 

33 8. STRATIFICATION OF IONOSPHERE : 


The upper part of the earth’s atmosphere absorbs large 
quantities of radiant energy from the sun, which not only heat 
the atmosphere but also produce some ionisation in the form of 
free electrons, and positive and negative ions. The part of the 
upper atmosphere, where the ionisation is appreciable, is called 
ionosphere. 

The ionisation is apparently caused by ultraviolet radiation 
from the sun and it varies with the time of the day, the time of 
the year, and the longitude. At the earth’s surface the ion density 
is very small, increasing to appreciable values at altitudes between 
100 and 150 km. While the ions are distributed continuously in 
the atmosphere, the concentrations vary and several maxima arc 
reached at various latitudes. The regions near these maxima arc 
called layers. For each such layer there is a critical frequency 
above which an electromagnetic wave, directed vertically, will not 
be returned to earth. These layers arc characterised in terms of 
their critical frequences and virtual heights. The critical frequency 
is a direct measure of the maximum electron density of the layer 
and virtual height is an indication of the height at which maximti n 
electron density occurs. 



The three ionospheric regions of great 
radio communication is concerned, are den 
layers. The range of altitude ^ 
over which these layers may vary 
is shown in the fig. 20 . 

In addition to three regular E 
layers, there is a region below * §^j 

Jhc E layer, which is responsible $ „ 

for much of the day time attenu- Ju — 

ation of high frequency radio ^ _ 

waves, called the D region. It g ^ ~ 
lies between heichts about SO S 
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An anomalous ionisation, termed* sporadic £, is often present 
in the E region in addition to the regular E ionisation. It often 
occurs in the form of clouds, varying in size from roughly 1 km., 
to several hundred kilometers across. Such sporadic £ ionisation 




Fig. 21. Illustrating ionospheric layers. 

occasionally will reflect v.h.f. waves upto 60 or 70 mc/s, giving 
very lone distance transmission on such frequencies. The occur¬ 
rence of sporadic £ layer is quite unpredictable. It may be observed 
both in the day and night. The cause of sporadic £ ionisation is 
still uncertain. 

Variation of critical frequency and virtual height of layers with 
time of the day and of the year : 

Refer to fie. 22, in which monthly averages of critical 
frequencies and virtual heights as a function of time of day for 
winter and summer, and for two parts of the 11 year sunspot 
cycle are shown. The following predictions can be laid for various 
layers : 

D layer : Virtual height of reflection lies between 70 and 80 
km. It is able to reflect back vary long waves (> 10 km) incident 
on it. Reflection of waves is not due to bending but corresponds 
to the process of reflection from a boundary discontinuity. The 
maximum electron number density is few thousand electron per 
cm 3 . 

E layer : The virtual height of £ layer remains substantially 
constant between 110 and 120 km. throughout the day and from 
season to season. However, the critical frequency of the £ layer 
shows diurnal and seasonal variation. It increases with the altitude, 
of the sun and is maximum at noon. It has been shown that /e, 
the critical frequency of £ layer is given by 

fE=kV (cos 0), 

where </> is the zenith angle of the s un and k is a factor that 

•Presence of this region in £ layer is quite irregular and hence it is termed 
as sporadic £ layer. 



-i --— 0/1 7 . 0 4 6 & 76 20 2i 

' ^ - 

IP 

Fig. 22. Diurnal variation of crilical frequency and virtual heightI Of 
regular ionospheric layers (a, summer a. per.od of sun-spo 
minimum ; (b) summer a. sunspot maximum ; (c) winter at 
sunspot minimum ; (d) winter at sunspot maximum. The 
superscript 0. for example in/*,,. refers to ordinary ray. 

/.* denotes the critical frequency of F, layer for ordinary 

fjy. 

sends upon the intensity of radiation front the sun. The relation 
not valid when fw90\ In the night./,- (alls below 1 me/s. 

F. layer : It exists only in day time. The virtual height is of 
• order of 225 km. during the middle of the day and is consts- 
I maintained from season to season. Varta.tons ,n critical 
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frequency of F x layer are the same as in case of E layer, i.e. the 
maximum occurs at noon, and summer values are greater than 
winter values. However, it does not obey any such relation as f* 
follows. 


F 2 layer : The virtual height and critical frequency of this 
layer show quite a large variation during the day and from season 
to season Virtual height in summer ranges from 300 to 400 km., 
whereas in winter it goes down to 225 km. The critical frequency 
is much higher in winter than in summer. 


Tn the night F x layer disappears whereas F t layer continues 
throughout the night at a height of 300 km. approximately. 

Theories about the production of layers : 



E region : Wulf and Deming independently pointed out 
that E layer may be formed by ionisation of O it at the first ioni¬ 
sation potential, in the 
region of transition where 
molecular oxygen is dissoci¬ 
ated and where, as a conse¬ 
quence, its density falls of 
with height much more 
rapidly than for a simple 
isothermal atmosphere. Bhar 
assumed the ionisation at 
second ionisation potential. 

Objections, however, were 
raised to both these assum¬ 
ptions. 

Nicolet pointed out the 
existence of a number of 
strong absorption bands, 
superimposed on the feeble 
absorption continuum of 0 2 
in the energy range ( 1 2*20 
to 13*55 eV). According to 0 £//$&y " 

him, E layer at the observed Fig. 23. Curves illustrating ionisation 
height is produced by pre- distribution with height, 

ionisation ofO, in transition region, which is a result of absorption 
in the strong bands, and this view is now generally accepted. 

D region : The virtual height of reflection of these waves is 
found to be between 70 and 80 km. Thus D region ionisation lies 
between 70 and 90 km. The most comprehensive view is due to 
suggestions by Nicolet, which follows \ 


(a) a normal layer due to the ionisation of O z at its first ioni¬ 
sation potential, 

(/>) a layer more or less sporadic due to ionisation of sodium 
and * 




1411 

Propagation of Electromagnetic Waves 

(c) an extra ionisation during fade out due to ionisation of 
NO by A = 1300° A. t . . . n F to 

suggested and advanced by Bates and Mas*V ^ n \ f re &c 

produced not by ionisation of ^i bu Y produce d by 

tionally agrees well with Chapman s theory. 

It is further proposed that F. being pro uc d by a 

of ,h P e two possible 

Zsissssss^SsSi 

so rapidly that a maxim.im of q maxjimim . The region 

formed at some height above ihet another at 

appears as double, maximum observed ia. level < ■ ,r, 
the level of Ft with a depression ai an intermediate k . 

^SSSSsaSSSgss 

«m«ph«ic particles decreases with height, and its variation with 
height is given by 

9=-hfi h l1 

where is the density at the reference level/t=0 and 

KT 

constant equal to —. called scale 

height (value of // is about 
10 km. In this expression A is 

Boltzmann constant). 1 Inis, the 

two opposite processes one in¬ 
crease in the intensity of solar 
radiation with height, and the 
other decrease in the density ol 
ionisablc particles with height 
lead to the formation of strata of 
maximum ionisation at different 
heights. These strata are called 
ionospheric layers. 


•(I) 

// is a 
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Let us consider solar monochromatic radiation arriving at an 
angle 0 to the vertical and fall in the intensity I of radiation in 
traversing the distance AB ( =dli sec 0) is dl per unit area of cross 

section of the atmosphere. . , noc 

Let A be the absorption coefficient per unit mass of the gas 
per unit intensity of radiation, then absorption of intensity in tiavei- 
ling the distance AB will be 

dl— Absorption coefficient x Mass of atmospheric 
column of height dh sec 0 and unit area of 
cross section x Intensity 
= A xp dli sec 0X/ 

=/> Al dh sec 0. 

Putting the value of p from equation (I) and integrating bet¬ 
ween the limits co to li, we get 


f‘4LJ‘ A sec 0 Po e-*"' dh. 


or 

or 


But on left hand side we should impose the limits of intensity 
i e. from L to/, where / 0 is the intensity ol radiation before it 
enters the atmosphere, i.e. value of / at // = Therefore, 

~ =£ —/l(\>// sec <! e~ kl " £ 

log (///,)- A ft H sec * 

/-/„ exp [—ApJI sec ■/ e .-(3) 

Let 8 be the number of ions produced due to absorption of 
unit quantity of radiation. For an amount dl fall in the intensity 
of radiation, the total ions produced will be 0 dl. The rate of ion 
production will be governed by the rate of fall of dl. with distance 
AB{=*dli sec 0). So the rate of ion production, q. at the height //, 
is given by 

-A 

^ P dli sec 0 

= P COS 0-^ ...(4) 

Differentiating equation (3) with respect to //, 

Putting this in equation (4), we get 


q=PApJ 0 e 


-hjll-ApJI sec 0 c _A,// 


..( 6 ) 


II ru - -V ~ / 

To find the height at which q is maximum, we have the 
condition 

x [“/7 +/ * Po// scc 0 
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...(7) 


or 1 =Ap 0 H sec f.e~ h/H 

or e h,H =Ap 0 H sec />. 

Denoting this height as h ma x we write 

exp (^i) = A p 0 H sec 

Now the maximum rate of ion production will be 

(aJ h [~ Ap ° H sec *• 

after substituting equation (7) in equation (6). Therefore 

( ApoH sec 

= 77 5k-.«-> ...(8) 

//sec ^ 

At mid day when ^=0, equations (7) and (8) give respectively 
e k,,, =Ap ti H 1 


and 


_ PJiri 
q ' H e 


J 


...( 9 ) 


where q a and /i„ are the values of q m „ and h max for </'-0. 

Equation (6) can now be written in the form 

qJjf e-> He +1 .Ap„. exp [-i-Arf sec *.e' w "] 

which on using equation (9) becomes 

q=q t e hJH .e" cxp^-^-Ap.HMC +*+* ] 

=?0 exp sec f«-»/“] 

Again putting Ap 0 H=-e l0 ^ in exponent, we arrive at 

,-*«p 

If we take /; 0 as the reference level from which the height li is 
measured and the reduced height z is expressed as 

/i—/i 0 
Z “ H ’ 

then equation (10) can be expressed as 

l—r—sec i&.e-’, nn 

q=q Q e —Uj) 

which is the desired equation that gives the rate of ion production 

as a function of reduced height z and the zenith angle f 


.•(10) 
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Deductions from Chapman's Theory : 

(/l) Variation of electron number density with zenith angle of 
the sun: 

For the ionospheric regions the electron number density 
changes slowly with time during full day light hours. It means that 
at any instant in day light hours rate of ion production q and ion 
decay approximately balance each other i.c. variation ol ion num¬ 
ber density N with time is zero Now ^ ^ bc ion numbcr 

density at any instant t and at a height li, then assuming that 
recombination is the only process of decay, number ol ions lost 
per unit volume per second x 7V 2 = a 

At the balancing condition occuring at some instant during 
daylight hours, rate of production must be equal to the rate ol 
recombination i.e. 


or 


q=aN- 
q—aN- — 0 


</iV 
dt * 


a dn 1— 2 —see ib e~ : 

Therefore, A'-= - = --? 

a a 

Variation of electron number density (N) with reduced height 
(z) for various values of zenith angle (•/>) is shown in lig. 25. 

(B) Particle concentration of active constituent at the height 
of maximum of layer : 

The density of the active constituent at any height is given by 
P=P o e- h ". 

From equation (7), we have 

Po ^ cos t 

P Alli>o scc^^ All 


This gives the particle concentration of the active constituent 
at the height maximum of layer 

In figure 25 variation of electron number density, N, with 
height h according to the simple Chapman theory ol a llal earth, 
lor various values of the sun’s zenith angle, is depicted: while 
in figure 26 dependence of electron collision frequency, v, with, 
height, //, is shown. 

From figure 25, it is obvious tha’ for curve */« = 0, maximum 


occurs at -—-- - 0 i.e. li =li Q at which N should be /V,,. Therefore 
II 

at this point /V//V 0 = I. 

It is found that changes in the value of v affect the propa¬ 
gation of radio waves far less than changes ol the electron number 
density N. For many purposes, it is therefore permissible to treat 
v as constant over a small range of height li. This is especially 
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Fig. 25. Variation of electron number Fig. 26 Variation of collision 
density with height. H, corresponds frequency w.tb hetgh. h. 

to height h 0 with $-0. 

true at high frequencies (greater than about 1 Mc/s.) where.the 
wavelength is small compared with the scale height H , which is 

about 10 km. 

3310. CONSIDERATIONS IN THE PROPAGATION OF 
SHORT WAVES : 


In this article, we shall account for the considerations which 
ought to be taken into account in deciding the frequency ot 
transmission for short wave inter-continental communication, 
and also why and when is it necessary to alter the frequency lor 
such a communication. 

The term short waves applies to wavelengths from 100 down 
to 10 metres. The main mode of propagation of short waves is 
sky wave due to two reasons : 

(i) at these frequencies the ground wave is attenuated rapi¬ 
dly and its range is short, just a few tens of kilometers. 

(ii) the sky wave signal is capable of multiple reflections 
from the ionosphere and can cover long distances because they 
experience an insignificant attenuation which decreases with the 
increase of frequency. Under normal conditions, D and E regions 
absorb the energy of the sky wave and F region reflects it back to 
the earth. The absorption in F 2 layer can be neglected in com¬ 
parison with that in the E region. 

For short wave inter-continental communication, two condi¬ 
tions must be satisfied simultaneously : 

(1) the frequency used must be lower than maximum usable 
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frequency value determined for a propagation path and for a given 

--at'ST"* 

■“ ssw ,. r ss-rsas ass 

=vz: 

- 5 

regions will be insignificant, out j." ni ^| * ti n from this layer, 
f 2 layer goes down and so as to be able to 

usable frequency of the Though, at lower frequencies, 

reach the J?* j u u t as P in the night ionisation density ol L 

or " ,c ” , ' s 

K 5 K ™* 5 ®*""'■>“ >»'■ 27 * 



'Forth 


Fig. 27. (a). At night, when wave 
frequency is greater than 
critical frequency ( f> ft)• 



Fig 27. i/») At day lime D region 
appears. L is highly ioni¬ 
sed and so they absorb 
night time frequency wave. 


d wasssgtars awysrs s 

da fl y ' . V laver but will be absorbed during as passage 

SSh S°.nd £ regions. The strength of the wave « so reduced 
as to be useless for reliable reception. 
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It thus becomes obvious that during night, wave frequency 
must be brought down for faithful communication. 

Other factors affecting the short wave communication : 

(/) Solar activity : The earlier discussion applies to normal 
conditions of short wave propagation. But during periods of high 
solar activity in summer, situation becomes different. Then E 
region ionisation increases to such an extent that it often acts as a 
reflecting layer, instead of F it for short waves and only D region 
absorption remains. 

(it) Sporadic E layer : Normal conditions of short wave 
propagation are also upset by sporadic E layer which sometimes 
has fairly high ionisation density. As it lies below F t layer, it then 
acts as a reflecting layer for short waves. 

Major advantage of short wave communication compared to 
long and medium waves is that they suffer insignificant attenuation 
in the ionosphere. 

33 11. PROPAGATION OF RADIO WAVES OF DIFFERENT 
FREQLENCIES : 

The propagation mode of a radio wave closely depends upon 
its frequency. In the present article, we shall discuss the propaga¬ 
tion of different frequencies: 

(1) Very low frequencies (10 to 30 kc): The primary mode of 
propagation in this frequency range is the surface wave. Because 
of the relatively low attenuation, propagation over distance of 
several thousand miles is affected by this wave. The main dis¬ 
advantage with this mode of propagation is its requirement of high 
transmitter output and huge antenna installations. 

There is a possibility of sky wave propagation too. Skywaves 
are reflected back to earth with very little absorption after a slight 
penetration into the ionosphere (or from its lower edge). Since 
the ionisation density, on which attenuation caused by the reflection 
at the ionosphere depends, changes with diurnal and seasonal ' 
variations, the received signal intensity will also exhibit the similar 
variations being strongest at night and in winter. This variation 
for the signal of low frequency end is least and practically zero 
near 10 kc/s. 

(2) Low Frequencies (30 to 300 kc): Because of the increased 
ground wave attenuation, the range of surface wave propagation 
decreases and long distance communication becomes entirely 
dependent on sky waves. Also, with the increase in frequency, 
attenuation at the lower edge of the ionosphere becomes more 
appreciable in day time and in summer than during the night and 
winter. This causes the received signal strength to vary appreci¬ 
ably and hence long distance communication is not possible in the 
day particularly in summer. 

(3) Medium Frequencies (300 to 3,000 kc): This range of 
frequencies is used for broadcast purposes. For better reception, 
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signal received should be strong, free from fadmg and inter- 
.. broadcast ****** »» »««$ £ 

day time and consequently propaSatio inversely 

^WvSS^lS^ ST5S, — - 

“is necessary to deliver 

compared to ordmary interlerence J timc j s sufficient to 

a transmitter, in which S'gnaI stre 8 serrice area or 

overside ordinary .ntcferences .s Jkd ^ > which „,e 

primary coverage area , or ?impiy j$ ca || c d primary 

ground wave field strength is ab> nrimarv coverage, where 

coverage. The area outside the re g P' ^ j. h t sl j|| gives 

the field strength ^ simply the 

a useful signal, is cal kd sec ■ . f * s ky wave is above the 

distance upon which the held f primary coverage area 

*££& SSK -^rage area Ground wave primary 

coverage area docs no, “ Afield intensity is com- 

In the region over which the y ^ increased distortion 
parable to that ol fhe groun < ( £ qucnc j cs j n a frequency 

occurs and fading is dilTeren at (carrier and sideband 

-r and selves to exfend "considerably the propagation range. 

• (4) Frc^neiesO to » ~N 

den-e of transmitted wave at the ionised layer (skip distance and 
maximum usable frequency, which dearly spocily the conditions ol 
skywave propagation depend on these factors). 

Energy absorption by the ionosphere at this frequency range 
is very low due to which ranges of thousands of miles are obtained. 
The waves arc reflected back from E or E layers. Appearance ol 
I) layer in day lime causes appreciable attenuation lor lower 
frequencies. 

(5) Very High Frequency (30 to 300 mc/s): Surface waves, 
because of their high attenuation, and sky waves because ol their 
failure to be reflected, almost fail to propagate signals ol tins 


layc 
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frequency range. Space wave or line of sight propagation is 
practically the only mode of propagation in this frequency range. 
Due to the refraction in earth's atmosphere, propagation beyond 
the line of sight is possible. This frequency range is adopted in 
short distance communication, radio relay systems, propagation 
of frequency modulated signals and television signals. 

(6) Ultra High Frequencies and Microwaves (above 300 roc/s) : 
Only space wave propagation is possible. With the formation of 
inversion layers in troposphere, duct propagation is also possible. 
Tropospheric absorption is high for 3.10 10 c/s, i.e. wavelength 
1 cm. or less. Microwaves are used in radar systems. 

33 12. IONOSPHERIC STORMS : 

Sometimes it is noted that the absorption of skywaves in¬ 
creases very much and also the critical frequencies of E and E a 
layers suffer an abnormal change. This all is the result of the 
ionospheric disturbances called ionospheric storms which last for 
days together. 

All ionospheric storms are associated with severe disturbances 
of the terrestial magnetic fields called magnetic storms. Due to the 
violent turbulence of ionospheric storms, layers with definite 
virtual heights and critical frequencies tend to disappear and the 
normal stratification of the ionosphere is destroyed. Small clouds 
of ionisation are produced which move in an irregular manner. 
The effects of such storms arc appreciable near the polar regions 
and almost negligible at the equator. 


NUMERICAL EXAMPLES 

Ex. 1. Compute the values of relative permittivity of D, £ and 
F regions of the ionosphere in the case of an electromagnetic wave 
with a frequency of 50 mc/s. Given that electron density (no. of 
electrons/c.c.) for D, E, F regions is 400,5x10 5 and 2 , 02xl0 8 
electrons/c.c. respectively . 

The relative permittivity is given by the relation 

, 806 N 

where if N is in electrons/c.c. then /is in kc/s. 

For D region: 

80-6x400 
(50 x 10 3 )* ’ 

because we are to put /in kc/s. 

Therefore 

«r=l-l*29xl0-*»l. 


. 80*6 x5x 10 s 

(50x10*)* 

= 1 — 1*61 x 10- 2 ^0‘9838. 


For E region : 
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For F region : 

80-6 x 202 xlO 6 
€ '~ l (50 x 10 s )* 

= 1-0 651x 10-^0 9348. 

Ex. 2. Calculate the value of frequency at which an electro¬ 
magnetic wave must be propagated for the D region to have an 
index of refraction of 05. 

We know that index of refraction of the ionised region is 
given by 

where if N is in electrons/c.c. then / is in kc/s. 

For D region, W—400 electrons/c.c. Therefore we have the 
relation 


or 

or 


0-5 


0-25=1- 


32240 

r 


/,= w =4 ' 2986xl0 ' 


or /=_-207 33 kc/s. 

Ex. 3. A sky wave with a frequency of 50 mc/s is Incident on 
the D-region at an angle of 30 \ Find the angle of refraction. Given 
electron number density for D-region (per c.c.) is 400. 


We know the relation, 


sin / If, 8067V \ 


where N is in electrons/c.c., /is in kc/s, i and r arc the angle of 
incidence and refraction respectively. 


Putting 

Af=400 electrons/c.c. 

" 50.10*=(50.10 3 ) kc/s. 

We get 

t _sin / // 80-6x400 \ 

,A sin r VI IMJxlO 3 )*/ 

= Vd“l‘29xlO-®) 

= 1 

sin /= sin r 
i=r=30°. 


or 

or 
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EXERCISES AND PROBLEMS 

1 Give a brief account of the efTec. of the ionosphere or .thetsky waves. 
Show that the ionosphere behaves as a medium of refractive index 

2. ShowTht. the ionosphere under the action of the earth's magnetic field 
behaves like a birefringent crystal. 

3 Write short notes on ; 

(i) Skip distance, and 

fih Maximum usable frequency. , , 

Obtain an expression for D, tlp in terms of critical frequency of the 

4 Determine the effective dielectric constant of a medium containing elec¬ 

trons subjected to friction. Apply the result to explam the reflection 
of radio waves from the ionosphere. Why do the waves of very high fre¬ 
quencies not get reflected from the ionosphere. . „, mn 

5. Discuss in detail the pulse method of measuring the height and electron 
concentration of an ionospheric region. . 

Give the block diagram of a suitable pulse transmitter that may be used 
for ionospheric measurement. What is the effect of gradually varying the 

wave frequency of the pulse used ? .. 

6 How is the ionosphere instrumental in achieving long distance radio 
communication ? For what frequencies in general is the ionosphere use- 
ful and why ? 

What arc the modern views regarding the stratification in the lono- 


7. State and discuss the conditions of total reflection of radio waves from 
the ionosphere. 

Prove that the skip distance D for a given frequency is given by 

where I, is ihe effective height of the reflecting layer and/ £ the critical 
frequency of the layer. 

8. In a simple ionospheric height oscillograph record, the distance between 
the ground and the echo pulse is 1*6 ems If the sweep speed is 20 
mctrcs/second. find the effective height of the ionospheric layer assuming 
the speed of electromagnetic waves in free space as 3x I0 J km/second. 

9. Describe the structure of ionosphere Discuss the theory which explains 
the formation of iono'pherc 

10. Derive formulae for magneto-ionic refractive indices and absorption 
coefficient. Discuss their application to ionosphere 

11. How docs the presence of electrons affect the dielectric constant of the 
ionosphere ? Derive the expressions concerned. Why do the waves o 
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very high frequencies not get reflected from the ionosphere ? 

12. Discuss the considerations which ought to be taken into account in 
deciding the frequency of transmission for short-wave inter-continenia! 
communication. Why and when is it necessary to alter the frequency 
for such a communication ? (Art. 33*10). 

13. Show that if a vertical ray of frequency/,, and an oblique ray of fre¬ 
quency f 0 are reflected from regions which are at the same real heights 
of the ionosphere, the virtual height (of reflection) is also same for both 
the rays. (Art. 33 6) 

14. Describe briefly the essential components of an ionospheric recorder. 
Draw a typical ionogram indicating parameters normally sealed. 

15. Explain why is the ratio of lower frequency limit to MUF for carrying 
on radio communication at short wave frequencies is generally smaller 
at night than in day time (Art. 33* 10). 

16. Explain why is it reasonable to except that the optimum short wave 
frequency will be high at low altitudes. 

17. Discuss theoretically the method of transmission of radio waves through 
the ionosphere at oblique incidence and show how the MUF for com¬ 
munication between two distant stations can be calculated for thin 
ionised layers. (Art. 33*5). 



34 


MODULATION 


For the transmission of message to distant parts oft:he 
globe, sound waves are first converted into electrical signals wUh 
the help of microphone. To release this audio signal into space, 
antenna is employed. Refer to chapter 32 (antenna action), where 
it has been pointed out that for effective radiation of energy, 
antenna should be fed with high frequency electrical signal- But 
the frequency of audio signal is always quite low and consequently, 
it can not be fed as such to the antenna for communication. 
Therefore, before applying the audio signal to the antenna, a pro¬ 
cess is performed in which the audio signal is superimposed on a 
hiah frequency wave, called carrier wave. In this process, as men¬ 
tioned, a separate high frequency wave is needed because we can 
not change any of the characteristics eg ., amplitude, frequency 
and phase of the audio signal as it would amount to a change in 
the message to be communicated. But the amplitude, or frequency 
or phase of the high frequency wave (called carrier wave) is modi¬ 
fied inaccordance with the audio signal (called modulating signal), 
so that the resultant wave (called modulated wave) inherits the 
signal. This process of superimposition of audio signal over 
carrier wave is called modulation. Since the frequency of modu¬ 
lated wave is quite high, effective radiation from antenna takes 
place. 

Thus modulation is the process in which the frequency level 
of intelligence is altered. There are thus two main reasons for this 
alteration in frequency level : 

(/) at high frequencies, the intelligence practically can be 
transmitted by radiation, and 

(//) different messages having different frequency levels can 
be transmitted simultaneously without any interference. 


34 0. DEFINITIONS : 

Modulation is defined as the process by which some characte¬ 
ristics of a high frequency wave such as amplitude, frequency or 
phase, is altered inaccordance with the instantaneous value ot 
some other voltage called the modulating voltage. 

Modulating voltage is the signal while the voltage undergoing 
the alteration is a high frequency wave and is called the carrier 
wave. 
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Let the carrier voltage be expressed as 
c c — E ( cos (a ) ( t+0), 

where E c is peak amplitude of carrier voltage, is angular fre¬ 
quency of carrier wave and 0 is the phase angle. 

Three cases may arise : 

(/) When amplitude E ( is varied inaccordance with the 
modulating wave, the process is known as amplitude modulation: 
oi c and 6 remain constant. 

(//) When u> c varies inaccordance with the modulating wave, 
while E c and S remain constant, the process is known as frequency 
modulation. 

(///) When 0 is varied inaccordancc with modulating wave, 
while w c and E c remain constant, the process is known as phase 
modulation. 


341. AMPLITUDE MODULATION : 

In amplitude modulation, the magnitude of carrier wave is 
varied inaccordancc with the amplitude and frequency of the 
modulating voltage. 

Let the signal voltage be represented as 

e m -=E m cos w„/, •••(!) 

and unmodulated carrier be written as 

e<=E ( cos (w,/ + 0). ...(2) 

The carrier frequency t* t is much greater than <*»,*. 

The resulting modulated wave has the form 

c -{Ec + KmE* cos w m t) COS otft. ...(3) 

The amplitude factor (E, 1 K.,E m cos w m t) represents the sinu¬ 
soidal variation of the amplitude of the wave. K„ is proportionality 
factor which determines the maximum variation in amplitude for 
a given signal voltage E m . Phase 0 is taken zero because it plays 
no part in this process. 

The above expression can be written as 


c'=/T, 




COS w,„t 


) 


COS u>ct 


= E f (I cos «.»*,/) cos out 

~ ni*Ee , . . , . mj 

^E c COS o,.t | 0 COS {oi, | o> m ) t |- 2 


COS ( o», oi „,) /, 


...(4) 

K E 

where m„ = -4r w is called modulation index. The modulation 
index when multiplied by 100 gives percentage of modulation. 

Side bands : In equation (4) wc ha'c three terms : 

(/) E c cos ojJ represents original carrier voltage. 
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discos (o) e + w m ) t 

represents upper side band. 

(Hi) —^--COS (co e —U) m ) t 

represents the lower side 
band. 

The lower side band 
term with angular frequency 
(aj c -o) m ) and upper side 
band term with angular fre¬ 
quency are located 

on either side of the carrier F«g *• Plot of frequency spectrum of 
at a frequency interval of amplitude modulated wave, 

in their frequency spectrum as shown in fig. 1. 

The magnitude of the amplitude of both the upper and lower 

side band is y£ f . If m u be unity, then each side band term is 

half the carrier voltage in amplitude. 

The carrier voltage component transmits no information, 
while each of the two side bands carries complete intelligence. 

Waveforms : Figure (2) shows the waveforms of modulating 
signal and that of a modulated wave called the modulation enve¬ 
lope. 






Fig. 2. Amplitude-modulated wave representation. 
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It is clear from fig. 2 ( b) that m a E c — Eniai E ( . 

E/nax E ( 


m. 


E c 


Also m a E c =E c —E m inm a 


E c ~~ Em in 

E e 


...(5a) 

...(5b) 


Equating both, £ mur .—= &—£»./*• 

2Ee = Eniav.~\~ E m in. 

Putting this value of E e in 5 (a), we get 
Emav — E„,in. 


And therefore percentage of modulation 
= x I0 °- 

Modulated waves with various degrees of modulation 
Modulated wave is expressed as 

e=Ec(\+m a cos <*«/) cos w e t. 


...(5c) 


^AWDCUr/A/6 
Al S/GML 



( 6 ) 


Via * 0 


\AAMAAA / 


I I 



Fig. 3. Modulated wave with various degrees of modulation. 
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where m a =^~- is modulation factor or modulation index, and 

its value ranges from zero to one. We shall now take the following 
different cases : 

(/) When m a = 0, . _ . 

which means no amplitude modulation is present and the expres¬ 
sion for e reduces to 

e=E c cos u) e t , 
representing pure carrier. 

(ii) When m a =0*5, 

which means percentage of modulation is 50%. In other words, 
the extent to which carrier is being modulated is equal to halt ot 
its amplitude. 

(i/7) When w a =l, 

which implies 100% modulation. In other words, the extent to 
which the carrier is modulated is equal to its amplitude. This 
means that at the negative peaks of the modulating signal, carrier 
amplitude is reduced to zero. 

(iv) When m a > 1. 

represents the case of ovcrmodulation. For such a case expression 
for e is no longer valid. At the negative peaks of modulating 
signal, no modulated wave exists and thus such a case results in a 
distortion of the intelligence that is being transmitted. 

Energy distribution among the three components of amplitude 
modulated wave : The voltage components contained in the wave, 

, E e rn a E e 

represented by equation (4) have r.m.s. values equal to ^/2 

and^^ c respectively. Therefore when such a modulated wave, 
2y 2 

having these three components, is impressed upon some resistance, 
R , then the total average power dissipated would be equal to 

E t * mJE e 2 


8R 




E 2 

where represents the power dissipated by the carrier compo- 

2a 

nent alone. Obviously, 

p -> E ' 

2R’ 

> E c , 

that is, power content of modulated wave exceeds that of the 
corresponding unmodulated carrier. This additional power, 
supplied by modulating source, in modulated wave furnishes the 
energy contained in side bands of the modulated wave. It is the 
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useful energy that carries intelligence and its relative magnitude is 
proportional to m a \ The ratio of useful power contained in side 
bands to the total power contained in the modulated wave is 

Er 

2R 2 2 _ 

s £c* 


P side 


bunds 


i.u 


2 R 


'(■+*) 


1 


m. 

r ~-i 


Suppose modulation is 100% then ni m — I. 

Pside bands 


For such a case. 


V 

•19 


I =i 
1 +} *’ 


that is, only one-third of the total power of modulated wave is 
contained in the two side bands. The rest two thud power resides 
in carrier component which is of no use. If in the modulated wave 
carrier be suppressed then modulator would draw less power 
from supply source and the process of modulation will be quite 
economical. 

34 2 METHODS OF AMPLITUDE MODULATION : 

There arc two main categories of amplitude modulation 

methods: f , 

(/) Linear Modulation : Relation between amplitude of modu¬ 
lating signal E m and depth of modulation m a is linear. In this type 
of modulation, the linear portion o! the tube characteristic is 
used. The plate current, for such a portion, is related to grid 
potential by a simple relation i,-ac g . 

07) Square Law Modulation : Relation between amplitude ol 
modulating signal £,„and depth of modulation ijj, is » «|MKliw. 
For this type of modulation, curved portion ol the tube character¬ 
istic is used and the plate current is related to grid potential by 
the relation /,=# 

34 3. LINEAR MODULATION METHODS : 


The important linear modulation methods are : 

(/) linear series plate modulation (plate modulated class C 
amplifier), 

(/V) grid bias modulation, 

(Hi) suppressor grid modulation. 

Wc* shall discuss all these methods with necessary details. 

34-3-1. Linear Series Plate Modulation : This method involves 
a modulated class C amplifier. Here a voltage corresponding to 
the signal is superimposed upon the d.c. plate supply voltage of an 
ordinary class C amplifier. In this way the total effective plate- 
supply voltage ol the amplifier is caused to vary inaccordance 
with the desired envelope of modulation. 

The basic circuit of a plate modulated class C amplifier is 
shown in lig. 4 (a). 
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Fig. 4. (a) Circuit of plate modulated class C amplifier. 

The carrier frequency voltage is introduced into the grid cir¬ 
cuit and the modulating voltage is connected in series with the 
direct plate supply voltage E bb . Thus the total plate supply voltage 
comprises the sum of a direct and sinusoidal component. The 
resulting waveform in the output is illustrated in fig. 4 ( b ). 



Fig. 4 (6) Waveforms in the plate citcuit of modulated class C amplifier. 
Mathematical Analysis : 

Let E bb be the plate supply voltage. 

I, be the plate tank circuit current, 
e bb be the instantaneous plate supply voltage, and 
E m m be the amplitude of modulating signal. 

It is assumed that w c t»„. We write for grid circuit potentials 
e g =E gc cos co c r and e c =E sc cos <M+£ CC , ...(1) 

where E ce is grid bias voltage. 

Modulating voltage in the modulated amplifier plate circuit is 
given by e m =E mm cos w m t. ...(2) 

Instantaneous plate supply voltage in modulated amplifier is 
given by 

e bb =E bb +E mm cos w m t 



=E bb (1 +m a cos oj m t ), where m a 


...(3) 
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Since r.m.s. tank current /, and the d.c. plate current /„ are 
related to the plate potentials by linear relation, we can express 
them by the following relations : 

1 ...(4) 

lb — ^6 &bbt r 
Ibb~Kb Ebbt) 

Combining eqs. (3) and (4), we get 

I,=K, Ebb ( l+#w-cos *> m t) 
and Ib=K b Ebb (1 + IW « cos w„f i 

= Ibb (1 +W» a COS 

The instantaneous tank current it given by 

sin o) ( t 

= V2£*(!+«• cos »«0 sin®*/. 

R.M.S. value of output potential across the tank circuit is 
given by £i.~/X/i=X/i Z.90 , 

where X is reactance of inductance or condenser in the tuned cir¬ 
cuit. 

Hence the instantaneous output voltage is given by 
e L =Xy/2.1, sin (<.<r+90) 

= V '2.X K, Eb, (I +«. cos w m t) cos Wftt ...(6) 
R M.S. value of plate current at resonant frequency is given by 

Therefore the instantaneous plate current is given by 
i F -—y/2l, sin o>cI 

= V2-^-sin(o<c/+90) 

=^ 2 ./C, E» (I +i"u cos w„i) cos wet. ...(7) 

Average power supplied by the d.c. plate power source is 
given by 

P»-~ ” /» 

i m Jo 

where T„ is the periodic time of the modulating cycle 

or f > w.= .T- \ T "‘ Ebb-lb. (I +«. cos w,„/).<// 

Jm Jo 

= £&& hb=Kb Ebb 1 . ...(8) 


•At resonant frequency, ^o = ^.’ 
Therefore C *=^T 
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Average power supplied by the modulating source is 
Bm=Y m \ T Q m e n h dt 

=Jr\ E mm cos W m t.l bb (I +/w a cos co„,t) dt 
*mJ o 

=E bb .I bb "-f=P bb "f- ...(9) 

Then total average input will be 
P, = P bb + Pn, 

=P bb +P bb ’!j=P bb (\+ ^’) -(10) 

The a.c. output power across the tank circuit is given by 

p ^t e ^ dl= rJo m ^ ,dl 

JT* R ° 2 <* cos wml) ' cosl wjdl 

+2ni a cos (*>„/) (I -f cos 2o>c0 dt. 
Since w c <o OT , therefore average value of cos 2 u> c t and 
2/Wfl cos «,„/ will be zero. 


So 


0 QZ 

R„Kr 


P». (l+'-y ) 


~Q*K b 

= r,P bb (l+'-y 8 ), 

where y is defined below. The unmodulated carrier power is 
obtained by putting m a — 0 so that P C =V Pbh. 

P P 

Plate circuit efficiency 


Pi Pbb+P, 


M ,+ t) 


...( 11 ) 

..( 12 ) 


R.K* 

~Q ! K b 

Plate dissipation P p =P,—P 0 =P, (I— jj) 

=(Pt b + Pn,)(\-r,) 

=^(l+^)(l-,). ...(13) 

Equation (13) gives the plate dissipation of modulated ampli¬ 
fier tube. With 100% modulation plate dissipation will increase by 
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a factor 3/2 from its unmodulated value (/» a =0), Therefore while 
designing plate modulated class C amplifier, only 2/3 of the rated 
plate dissipation is taken under no modulation condition. 

Plate dissipation of modulating amplifier tube P pill , can also 
be related to P,„. If be the plate circuit efficiency of modula¬ 
ting amplifier, then d.c. power input to modulating amplifier 

Jm 

* 

so that plate dissipation of modulating amplifier will be 

P p ,„= d.c. power input—a.c. power output 
p 

• m p 

=- r m 

ri, n 


AH 
ffl(H 


-•-(14) 


i r * •- * 

Advantages : (/') Distortion in modulated wave is small. 

(it) Plate circuit efficiency is high. 

(Hi) Adjustments are easy. 

The main drawback of this method is that a large amount of 
modulating power is required. 

Example I. In a plate modulated class C amplifier the plate 
dissipation of r. f. amplifier tube with modulation is 500 watts. If 
the amplifier efficiency is 60% and modulation index is 50%, calcu¬ 
late : 

(a) d.c. power supplied by the supply source , 

(b) power modulated by the modulation amplifier, 

(c) modulated carrier power output. 

(a) From eq. (13). d.c. power supplied by the supply source, 
P b b, can be calculated on putting 
/V=500 watts. 

///*=()• 5. 

n=0’6. 


Thereto re 


= Pbb (l + ^y- 5 ) (1-0-6), 


500 


=Pk 6(1*125) (0-4) 

5()() 

l^= oT 5= |,, M | watts. 


( b) Power supplied by the modulating amplifier 
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=111111 x 


0-25 


= 1111*11 x 0*125 
= 138-89 watts. 

(c) Modulated carrier power output 
P 0 =v p bb + 

=0*6 x 1111*11 x 1*125 
=749-99 watts. 

Example 2. The plate dissipation of a plate modulated class C 
amplifier is 500 watts with modulation index 0 6. The efficiency of 
r. f. amplifier is 50% and of the modulator valve (modulating ampli¬ 
fier) is 25%. Find 

(a) carrier power and valve dissipation at 100% modulation , 

(b) the modulating signal power output , plate dissipation and 
the rating of modulator valve to give 100% modulation. 

(c) the overall efficiency at 60% modulation. 

It is given that 1^=500 If; 

m a = 0 ‘ 6 , 

7 = 50%=2-5, 

i ?m =25%=0-25. 

(a) We are to find P bb and P c% we know that 

r. 


Pu- 




2 
500 


115x0-5 


847-4 W. 


Carrier power output can be obtained from modulated power 
output, 

P.=r,P» (l+^) 

by putting m fl =0, so that 

P C = 7J P bb 

=0-5x847-4 
=423-7 watts. 

Valve dissipation at 100% modulation is 

=847-4x|xO-5=635-65 watts. 

(b) From equation (14), plate dissipation of modulator valve, 
P P m> (i-e. of modulating amplifier) is given by 

Pm=P» (-y-)(“ I) • 
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For 100% modulation m a = 1, given that ij m =0 25. 

/>,„=423-7(*)(T-l)=423-7x§x3 

= 635-55 watts. 

When a.c. output modulating signal power is zero (/. e. under 
no modulation) then total d.c. input power to modulator appears 
as plate dissipation. This is the maximum value of plate dissipa¬ 
tion and termed as rating of modulator valve. Thus rating of 
modulator value 

(/>,)„,=power input to modulator valve (modulating ampli¬ 
fier valve) 



r ]m 1 hn 

_ 847 4 xj 
025 

= 1694 8 watts. 

(c) Over all efficiency 

Total modulated power output, P„ v |nn 
~ d.c. power input to the modulated amplifier 
(ft*)and modulating amplifier(/>,),„. 

We know that 

P bb 

—0'5x847'4x 

at 60% modulation. 

Or ft,=499*96 watts. 

Total input power to both the amplifiers will remain same 
irrespective of modulation index; therefore 

total input power= ft**Kft)* 

= 847-4 f-1694 8 
=2542 2 watts. 


Therefore over all efficiency 
499i)6 
2542-2 X 
= 196%. 


100 


34 3-2. GRID BIAS MODULATION : 

In grid bias modulation, modulating voltage corresponding to 
the signal that is to be modulated on the radio frequency wave, is 
superimposed on a fixed bias in grid circuit of a class C amplifier. 

The basic circuit of grid bias modulated class C amplifier is 
shown in figure 5. 
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UOOULATm 

VOlTAQf 



Fig. 5. Basic circuit of grid modulated class C amplifier. 

The modulating voltage e m will cause small periodic variation 
in the steady grid bias £ fC . The steady grid bias£ cc and the modu¬ 
lating voltage e mt then constitute the variable grid bias e cc . 

The plot of r.m.s. tank 
current/, against the grid |/, 

bias is a straight line. 

Then on includingthe modu¬ 
lating voltage e m in series 
with fixed bias E cc similar 
variations of tank current /, 
will take place. The ampli¬ 
tude of instantaneous tank 
current, I, then varies at 
modulation frequency. 

Thus it is apparent that 
by properly choosing the 
bias and superimposing upon 
it a modulating voltage, it 
is possible to obtain a com¬ 
pletely modulated wave. 

Mathematical Analysis : Similar to plate modulation analysis, 
we can also proceed here to calculate d.c. input power, a.c. output 
power, plate dissipation, etc. 

Let the carrier voltage be represented by 

e g—Egm sin w c t, ...(1) 

and the modulating voltage 

e m =E mm cos u) m t. ...(2) 

Thus the total varying grid bias voltage is given by 
e C e=e m +E ec 

=E ee +Emm COS U) m t. ...(3) 

The total grid to cathode voltage can now be represented as 
e e =e b +e ec 

=e gc sin uct+Enw cos £ cc . 


Fig. 6. 


Variation of tank current in 
grid bias modulation. 


...(4) 
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If /, represents the r.m.s. value of tank current for linear 
modulation characteristic, we can write 

/, = *, (e«-E, 0 ). -(5) 

where E (0 is the grid to cathode voltage for zero tank current. 

The instantaneous tank current which varies at frequency w, 
ran be written as 


..•(6) 


...(7) 


i,=y/2I, sin W c r 
= V2K,(ecc-Eco) sin <o c t 
= y/2K, [ E mm cos u, m t+E (C -E«>\ sin w ( t 

= y/2.1, [I +m« cos Ui n ,t\ sin w e t, 
where m„ is the modulation index and is given by 

..( 8 ) 

F _ r 

*->CC WO 

Since the grid bias e (e consists of two components-one E, c% 
the steady component and other c m the variable component, the 
d.c. plate current denoted by inspilc of being constant, will 
vary inaccordancc with the variation of variable grid bias e C( . I,, 
can be represented as 

/fc = £ft {fee — £<o). * 

The steady value of d.c. plate current is then given by 

l»-K h (E rf -E t o). -< ,0 > 

In the equation (0) putting the value of e t€% 

It, —Kt, (£„+£». cos wj-Eco) 


= K h {E«-E C0 )[ » + ] 


—lu, (l+w« cos w m t). ...(H) 

Tank circuit voltage, being the a.c. output voltage, is given by 
E 0 -j\l„ -< l2 > 

where X represents the capacitive or inductive reactance at resonant 
frequency ot 0 . 

Putting value of /, in equation (12), we get 

E 0 —jXK, (£„-£,.)[! +m a cos u» m t\. 

Thus the corresponding instantaneous value of output voltage 


e 0 —^2XK, (E ee -E t0 )l\+m o cos w m t] sin («<( + 90°) 

= y/2\K, (E tc -E t% ) 11 +m d cos w m t) cos w c t. ...(13) 
D C. Input Power : If T m is the periodic time of modulating 
voltage, the average power input by the d.c. plate source is given 
by 

/>**-=- \ Tm £» h di. 

JmJO 
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Pbb= jr Ebb Ibb (1 + w a cos u> m t) dt. 

=EbtJbb • —(14) 

Thus d.c. input power from plate supply source remains cons¬ 
tant for all values of modulation index. 

A.C. Output Power: 

P„=Jr \ Tm e t i ? dt=^r \ r "e t %-dt, 

where R 0 is the impedance of tank circuit at resonance at the fun¬ 
damental frequency and i p is the a.c. component of plate 
current at the fundamental frequency. Thus 

Putting the value of e 0 , 

=jr„lo"' F 0 ‘ 2X * K,t 0 +"• cos “-O’ COS' W't.dt 

= k \ T „" IF (Ecc-E„y (1 +ms cos' at„i 

+2m a cos w m r) (1 +cos 2w e t).dt t 

. x 1 

where —=—• 

Ro Q 

Since <u c p w mt the contribution of cos 2iu c r is zero. The 
average value of 2m a cos w„t is zero. Hence 

P»=^jr (£„-£„)' (l +^ ! ) ...(15) 

Plate Circuit Efficiency : 

Plate circuit efficiency is given by 

p. 


p, 


EbbK b (£„—£„) 




( E c , 


-£,„)(l+'^) 


...(16) 


Q 2 R b Ebb 

Thus it is quite obvious that the plate circuit efficiency incre¬ 
ases with modulation index. For a constant value of modulation 
index, it would be maximum by taking (£.,.-£*>) as iarge as 
possible. 

Plate Dissipation : 

Plate dissipation is given by 
Pp — Pbb—P o 

=£*>£»(£„-£„)—Ml (£«■—£,„)' (l+^)- ...H7) 
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Putting for Ebb from equation (16), we have 

(£W, 0 )= V«-E. o) ! ('+t)' 

...(18) 

The expression shows that plate dissipation decreases as the 
modulation index increases. 

For unmodulated efficiency we put m a = 0, so that 

K? /P , . 

^Junptod — '/+ v K^ec t-’CQl- 


Q 2 K b Ebb 


-(19) 

...( 20 ) 


Therefore, 

Similarly, the modulated power is 

/>„= Ml* (£„-£..)• (l+^‘) 

and for unmodulated power wc put m a = 0, so that 
P _r i 

/ unmod-— q 2 *-fOP 

Therefore, P= ( 14 ^ j- 

In view of equation (21), wc can write equation (18) for plate 
dissipation. We find that 

E unmod 


-( 21 ) 
.. ( 22 ) 


P,= 


K ■+¥)-'—('+¥) 


Obviously the Pun»wj. is carrier power and can be denoted by 
Pc> so that 

-M l+ T)(r')' 


In grid modulated class C amplifier, plate dissipation is maxi¬ 
mum when m a =0, so that 

'’-(lir- 1 )' ,J<I 

This is also termed as the rating of the valve. 

Advantages: 

(i) Grid modulated class C amplifier has the advantage of 
requiring very little modulating signal power for complete modu¬ 
lation as compared to plate modulated class C amplifier. The rea¬ 
son being that only a small amount of energy is drawn from the 
modulating source to compensate for power losses in the giid cir¬ 
cuit. This greatly reduces the size and cost of modulating system. 

(ii) Due to the low power requirement of modulating signal, 
this type of modulation is especially suitable for television trans¬ 
mitters. 
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Disadvantages: 

(i) It has much lower plate circuit efficiency and it also varies 
throughout the modulation cycle. At zero modulation index, plate 
circuit efficiency is about 34% (at the positive peak of modulation 
cycle) which is only about one-half of the plate circuit efficiency 
of class C amplifier. At 100% modulation plate circuit efficiency is 
about 51%. 

(ii) It is somewhat more typical in adjustment than plate 
modulated class C amplifier because circuit adjustments are more 
sensitive to plate supply voltage and load impedance. 

Also due to wide variations in grid voltage during operation, 
the modulation tends to be somewhat non-linear. It has higher 
amplitude distortion. 

34 3-3. SUPPRESSOR GRID MODULATION : 

Amplitude modulation can be obtained by applying to the 
suppressor grid the modulating voltage superimposed upon a suit¬ 
able negative bias in a pentode class C amplifier. 



Fig. 7 (a) Circuit of suppressor grid modulated class C amplifier. 

The suppressor grid is biased sufficiently negative. The modu¬ 
lation voltage and this bias arc adjusted so that the modulation 
characteristic lies entirely in the region of negative suppressor grid 
voltage. The power required in modulation will be almost zero 
because the suppressor grid current is zero. 

The circuit of suppressor grid modulated class C amplifier is 
shown in fig. 7 (a). The resistance R s limits the screen losses by 
simultaneously lowering the screen voltage and screen current. The 
capacitor C s should be sufficiently large for bypassing carrier fre¬ 
quency. 

The relation in output voltage and suppressor grid voltage is 
depicted in the diagram 7 (ft). 

Advantages : 

(/') Low modulation power is required since the suppressor 
grid is always negative. 
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Operofing 

Bi0S\ 


Modufot/on 

Eni'e/ope 


\EffecHve suppressor uot/s 


Fig. 7. (b) Relation between amplifier output and suppressor 
grid voltage. 

(/'/') Modulation is sufficiently linear over the effective range 
in use. 

(Hi) Neutralisation is not required. 

(/»•) Adjustment of modulated amplifier is simple. 

34 3-4. TRANSISTOR MODULATORS : 

Transistor RF power amplifiers can be employed for the pur¬ 
pose of modulation in a way similar to vacuum tube circuits. Mod¬ 
ulating signal can be fed to any of the three elements viz. collector 
modulation, base modulation and emitter modulation circuits. 

Collector Modulation : Refer to fig. 8. Modulating signal has 
been applied to the collector, in scries with d.c. collector supply 
voltage. Transformer, T , matches the <uiput stage of modulating 
amplifier with the collector load ofc'assC r.f. power amplifier 
Q. Capacitor, C, offers low reactance to radio frequencies but a 



ompt/Y/er 
(c/ass c) 

Outpu/ 
ofmodcr/fft/nff ' 


Moc/o/aflhff 

S/ffraY 


Corner 

input 

ti-f 


Fig. 8. Collector modulator. 
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high reactance to modulating signal frequencies. Thus it grounds 
the carrier and serves to keep r.f out of modulating circuit and 
out of power supply. To obtain 100% modulation, maximum 
value of modulating voltage, Emm, must equal power supply voltage, 
Vcc • Under these conditions, the r.f. output of the modulated 
amplifier is equal to zero at the negative peak of the modulating 
signal. Then we have 

Emm=V C C 

Since the average collector current of the modulated amplifier 
is reduced to zero from Ic during the negative half cycle of the 
modulated signal, the maximum value of modulating signal 
current is 


Thus modulator power output will be 
n E mm ltrm Vcclc 
2 ” 2 


={xthe power supplied 
supply. 

The effective load on the modulator is given 


by the power 
by 



Collector modulation has the advantages over base modulation 
(to be described) of better linearity, higher collector efficiency , ana 
higher power output per transistor , but also a disadvantage ot 
requiring more modulating power. 

Base Modulation : It is very similar to grid bias modulation 
of vacuum tube circuit. Refer to fig. 9. The modulating signal is 
fed into the base circuit of the transistor. Its salient features are : 

(i) it has low modulating power requirement compared to 
collector modulation. 



Fig.?. Base modulation circuit. 
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(ii) it has poorer linearity and is more difficult to adjust. 

(iii) power output and efficiency are also low. 

Emitter modulation : Its characteristics lie in 



Fig. 10. Emitter modulator. 

C. develops the proper bias Transformer, T, provide! i better 
matching of the impedance. C serves to keep r.f. out of power 
supply. 


34 4 . SQUARE LAW MODULATION : 

Important methods in square law modulation are : 

(,) grid modulation or Vandcr Bijl modulator or square law 
modulation, 

(ii) balanced modulator, 

(Hi) square law diode modulation. 

We shall discuss only two of these methods. 


34 4-1. GRID MODULATION : 

The circuit of Vandcr Bijl modulator is shown in fig. 11 («). 



MOOUMMG 
Vtx rjtf 


Fig. II (a). Circuit of Vandcr Bijl modulator. 

The carrier and modulation frequency potentials are both 
applied in the grid circuit of a triode or tetrode etc. The modu- 
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lated output is obtained from plate tank circuit which is tuned to 
the carrier frequency. 

Analysis : In fig. 11 (,b ), 
dynamic transfer characteristic 
of triode, used in the circuit, is 
shown alongwith the plate 
current waveform. It is supposed 
that the transfer curve is para¬ 
bolic over the range of opera¬ 
tion and therefore a.c. plate 
current i p may be expressed in 
terms of the a.c. grid voltage 
e s by the first two terms of 
Taylor series expansion, i.e., 

ip=aieg+a t e g \ ...( 1 ) 

where a x and a 2 are constants. 

The excitation potential e g 
is of the form Fig. 11 (6). Waveshapes of plate 

e g =e e +e m current and total grid signal. 

=E C cos a > c t+E m cos u> m t, ...(2) 

and thus from eqs. (1) and (2), expression for plate current be¬ 
comes 

ip=Ol [Em cos a > m t + E c cos u>ct]+a t [E m COS 0 J m t + E e COS a > e t]\ 

= Q\ Effx COS (X) m t + a x E e cos <*> c t + a 2 E m 2 cos 2 w m t 

+a 2 E c 2 cos 2 <o c t+2a t E c E m cos u) m t cos <o c t 
=a x E c cos u) C t+aiE m E c cos (ai c -f a 2 E e E„ cos {w c —u> m )t 

+ 0l E m COS ulm l + a -^L + a J^L cos 2w „l 

+^+^cos2«. c f. ...(3) 

Assuming u) c p w int so that the circuit, tuned to w e , responds 

only to the terms of frequency w et (w e +w m ) and (w c —«>„,). Rest 

terms ot above equation do not produce appreciable voltage across 
the tuned circuit and thus the plate current is given by 
i p =a x E c cos u) c t+aiE m E e cos (w c -f w m ) t 

-f a 2 E m E e cos (to c —w m ) t 


a,E e ( 1 cos w m l 


COS u> c t 


=a x E c (1 +m a cos oj m t) cos w f r, 

2a 2 E m 


...(4) 


where modulation index m a 


ai 


Therefore form of modulated output is 
e=E c (1 -\-tn a cos w m t) cos a > c t. 


...( 5 ) 
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Advantages : 

(a) In this method grid current is very small due to which 
little power is required from the source of carrier voltage and 
modulation voltage. 

( b ) Distortion in the output is not too large. 

Disadvantages : 

(a) The plate circuit efficiency is low. 

(/>) In order to suppress the amplitudes of undesired side 
frequencies, the modulation index should be low : therefore the 
method is suitable for small percentage modulation. 

In fig. 12 (a), a diode square law modulator and in fig. 12 ( b ), 
a FET square law modulator are shown. 




Fig. 12(a). Diode square law Fig. 12(6), FET square law 
modulator. modulator. 

In both the cases, input voltage is 

v,=v e +v m 

= V e cos w c t H- V„ cos u>„,t ...(6) 

which is exactly the same as eq. (2) described earlier. The output 
current following Taylor's series expansion is given by 

/o«a,i> / +a 1 t; i t ...(?) 

where / 0 is the output current. 

Putting eq. (6) into eq. (7) and following exactly what has 
been done above to arrive at eq. (4), we shall get 

(I +m a cos c o m l) cos w f l 
so that form of the modulated output will be 

*0= Vt (I +IWa COS W„,t) COS U)ft. 

34 4-2. BALANCED MODULATOR : 

This consists of a circuit similar to push pull amplifier 
arrangement. 

In this method we shall discuss the carrier suppression by 
means of balanced modulator and the single side band generation 
by a set of balanced modulators. 

(A) Modulator for Carrier Suppression : The circuit for the 
carrier suppression is shown in fig. 13. 
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It is assumed that (/) the tubes T\ and T 2 have identical 
characteristics, (iV) the circuit is symmetrical with respect to the 
centre tap of the transformer windings. 

The carrier voltage is applied to the grids of the two tubes in 
the same phase, while the modulating signal is applied in the 
opposite phase to the two tubes by means of centre tapped trans¬ 
former. The outputs of the two tubes are combined through a 
transformer with a centre-tapped primary. 



Fig. 13. Balanced modulator circuit for carrier suppression. 

The grid bias is so adjusted that the tubes operate as class A 
amplifier and operation takes place over the curved portion of the 
dynamic characteristics of the two identical tubes. The a.c. com¬ 
ponent of plate current can, therefore, be represented as 

Since modulating signal is applied in opposite phase to the 
two tubes, we can write 

<?„=£,„ cos w m t+E c cos co e t 
and e g t=—E m cos w m t+E c cos u> c t 

So that for tube T u 

i pl =a { ( E n , cos u) m t+E c cos w f /) 

+a 2 ( E m cos o) m t+E c cos w c f) 2 + •• 
=fliE m cos w m f+ 0 ,£ f cos ojct+a 2 E m 2 cos 2 a > m t 
A-2a 2 E rn E c cos u>jt cos w f /+ 0 2 £, 2 cos 2 «> c t 

and for tube T it 

ipi = 01 ( — Em COS U> m t + E, COS aIff) 

-f 0 o( — Em cos Wn,t + Ec COS w c f)*+... 

= — 0,Em cos Wml+fli Ec cos oj ( t+OiE m 2 COS 2 (v m t 
— 202 E m E, COS <o m t COS a> f / + 0 2 Ef 2 COS 2 w c t. 

As these currents flow in opposite directions from the centre 
tap of the primary, the output voltage across the secondary will be 
proportional to the difference of i pX and i pi . Therefore 

e 0 =K (i P \—ip?) . 

=2K ( 0 ! Em cos w m t-\ 2a 2 E m E c cos w m t cos o) c t ) 

=2 K [ 0 i Em cos u> m t+a 2 E m E c {cos K+wJ t 

-f cos (a> c —o>m)/}J 
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As the load is tuned to 
carrier frequency and «u 
much greater than <*., the nrst 
term in the above expression 
will not develop any significant 
output voltage. Therefore out¬ 
put voltage is 

e 0 =2K a ,E m Ec [cos (•*+«»)' 

+ COS (w c -"*) n 
which consists of two side 
bands only. 

Thus it is clear from above 
analysis that the carrier will be 
cancelled while the side bands 
appear in the output. This 
suppression of earner results 
in the economy of power. 

Waveform when carrier 
has been suppresseds shown 
in fig. 14. 

Transistor Balanced Modulator 

Refer to fig. 15. Here the 
and V , instead of letters e and 



AMPLITUDE MODt/L ATED 
WAVE 
(CL) 



* A MODULATED MVE WfTH 
CARRIER SOPARESUD 
(L) 

Fig. 14. Modulated wave 

representation 


voltages have been denoted by v 

E. 



In this circuit. 

Vbl = Vml+ V ' _ , # 

= E n cos w m t+Ec cos iuj 
= -v m i+v<=-E m cos u,J+Ec cos u>J 


Then 


/ < 2 =a, Vbz+a* v lt 
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or /d=fli (E m cos oj m t+E c cos o> c t)+a 2 (E m cos 

+E C cos (O c t) 2 

ia=a x (— E m cos uj m t+E c cos w c /)-f <*2 (—£« cos c^r 

+£ c cos o) e t) 2 

so that output voltage is 

v 0 =K (id—id) 

=K [2a x E m cos w m t+4a 2 E m E c cos io m t cos w c t] 
The output circuit is tuned to carrier frequency. It will eli¬ 
minate, oj my so that 

v 0 =KAa 2 E m E e cos oj „1 cos o> c t 
=2K a% E c Em [cos (uj c +uj m ) r+cos (w c t—u>m) t] 
Output circuit will accept the side band frequencies (o> c -w m ) and 

(oj c + 

Some features of this method are : 

(/) efficiency is large because 2/3 power is saved due to sup¬ 
pression of carrier, 

(/'/) it affords a means of secrecy system, and 
( 111 ) one side band can also be eliminated. 

(B) SINGLE SIDE BAND GENERATION : An amplitude 
modulated wave consists ofcarrier and two side bands. The ampli¬ 
tude, frequency and phase of the carrier component remain una¬ 
ffected by the presence or absence of modulation or, in other 
words, the carrier has none of the intelligence to be transmitted. 
Therefore as discussed in (A) there is no need to transmit this 
component and is suppressed for the economy of power. 

In the remaining two side bands, each contains all of the in¬ 
formation present in the modulated wave. Therefore, it is possible 
to convey all the information represented by a modulating signal 
by transmitting only a single side band while suppressing both the 
carrier and the other side band. The frequency band required by 
such single side band system is half of that occupied by modulated 
wave having two side bands and the carrier. Two thirds of power 
is saved in single side band system only due to the suppression of 
carrier. 


Phase Cancellation Method : 

The method of obtaining a single side band consists of two 
balanced modulators. The radio frequency inputs of the two 
balanced modulators differs in phase by 90°. The modulating in¬ 
puts are identical except that the corresponding frequency com¬ 
ponents applied to the two modulators also differ by 90° in phase. 
The procedure is explained in the block diagram (fig. 16). 

It is clear form the following analysis that the output of the 
system will have only one side band. 

For the first balanced modulator, the equation of wave with 
carrier removed can be written as 
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e,=m a £f sin w m t sin w c t. 

Since for second balanced modulator, the modulating frequency 
oi„ and carrier'ftequency «< are shifted 90“ .n phase, therefore 
equation of wave will be 

e t =m.E c sin (u,„+ 90 ’)f.sin (u,.+90 )i 
=m u E c COS w m t cos a > c t. *"' ' 



Fig 16 Block diagram of single side band system. 

Since e, and e, are combined in the common tank c.rcu.t, the 

resultant output will be given by 
£ 0 =t’i+ej=m o £( sin u,J sin <oj+m.E c cos w m t cos mj 

= '^£' ^COS (lUf —U»m) »-COS (Ui c + W„) I j 
+"'*^[cos (»,-»■) r+cos (w c +u.«) f] 

=m,E c cos(o> r —<"■) f. • (3) 

which represents the lower side band. . . 

The schematic circuit diagram can be drawn for single side 

system as shown in fig. 17. .. 

The radio frequency voltages are applied to the control grids. 
The magnitudes ofr.f. voltage are kept some by obtaining them 
from a pair of critically coupled resonant circuits tuned to the 
same frequency. The modulating voltages are applied to the screen 
grids having equal magnitude but 90 phase difference. 

Advantages of Single Side Band(SSB)Transmission : 

(i) Bandwidth in SSD transmission is half than in double 
side band system e.g. bandwidth occupied by one radio telephone 
channel is reduced to half/.e. only 3kc/s instead of 6kc/s. Thus 
twice the number of channels can be accommodated in a given 
frequency spectrum through the use of SSB system. In other 




1450 


Hand Book of Electronics 



Fig. 17. Single sideband system circuit, 
words, double the number of stations can be accommodated on 
the same band. 

(//) In SSB system, no carrier is transmitted and therefore 
possibility of interference with other channels is avoided. 

(///) Since for demodulation of SSB singal, carrier of same 
frequency, phase and of requisite strength is to be inserted at the 
receiver, one can not get output audio signal without the know¬ 
ledge of the carrier. Since the carrier is not transmitted in SSB 
system, some secrecy is automatically achieved in such a trans¬ 
mission. 

(/v) The improvement in signal to noise ratio is from 10 to 
12 db at the receiver output over that in double sideband system. 

(y) SSB system eliminates the possibility of distortion due 
to selective fading. Fading occurs due to multipath propagation 
of electromagnetic waves. Thus radio waves at the same frequency 
may travel by two paths which may be of different lengths so that 
signals received by these paths may be of unequal strengths and 
phases, resulting in fading. In selective fading, fading is selective 
over the received band. When transmitted signal consists of two 
sidebands and carrier (double sideband system) the following 
three types of selective fading occurs. In one type one sideband 
fades completely leaving other sideband and carrier unaffected, in 
other type of fading carrier alone fades out, and in third type of 
fading the amplitude and phase of one sideband component varies 
with respect to the other sideband and carrier. This latter type 
of fading gives rise to severe distortion. In SSB system since only 
one sideband is present, possibility of such type of fading is 
eliminated. 

(vi) SSB system provides an improvement in signal to noise 
ratio of atleast 9 dbs. Thus in order to get the same signal to noise 
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rafin at the receiver output, the transmitter average power output 

r1 “irS'^nTpower luges ; consequent,y we.ght, 
volume and operating cost is reduced. 

Disadvantages of SSB Transmission : 

required is of high standard as briefed below . 

mmmm 

dulating process; because to |f a very low level for 

SSoX SS^iSUSSi filters! 
tUSSZ S reinserted 

used to control the carr *^ h *, r q , cc ?j v P c fi| lcrs j s thus involved in 
'SSB SrlKmVexUy contributes to an addition in cost. 

Applications of SSB System : 

is jstfssa stz&siszL sws 

such as 

(/) Police wireless communication. 

(,") In V.H.F. and U.H.F. communications. 

34 5 FREQUENCY MODULATION : 

As described 

the modulating signal, while the amplitude of the carrier remains 

constant. , . 

Characteristics of F. M. Wave : The amount of deviation in 
frequency is proportional to the amplitude of the signal, while the 
rate is determined by the frequency of modulation source. For 
example suppose 100 me. carrier is being modulated by a sinu¬ 
soidal signal and for given modulation system there is kc... 
frequency shift per volt of signal magnitude. Then, if the modu¬ 
lating signal has an amplitude of 20 volt and frequency at 2 kc., 
the instantaneous frequency of modulated wave will vary between 
99-96 me., and 100 04 me. at a rate of 2000 times per second. 

Figure 18 (a) illustrates the form of a frequency modulated 
wave when a sinusoidal modulating voltage is employed. 
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Analysis of F. M. Wave : The modulating signal can be 
written as 

e m =E m cos w m t, ...(1) 

where E m is amplitude of 
signal (peak) and co m is 
frequency of signal vol¬ 
tage. 

The general expres¬ 
sion for an unmodulated 
carrier is given by 
e c =E c sin (o> c /-f 0), 

...( 2 ) 

where quantity 

(««*+#)-# 0 
is the total instantaneous 
‘phase’ of function; 
so e c =E c sin <f>(t). ...(3) 

The instantaneous 
angular frequency is 

m) 

w/ - sr 

=jj-( ( *>c t +9)=u c - 

By definition, the Fig. 18 (a). A frequency modulated wave, 
instantaneous angular frequency of frequency modulated wave can 
be written as 

u)/=aj c +K/E m cos u> m t, ...(4) 

where proportionally factor K f determines the maximum variation 
in frequency for a given signal strength E m . 

mj) 

dt * 

M/)=j^ oji dt 

=J o K+iTA cos cv„t) dt 



o>i = 


So 


o» c t+K/ — sin w m t +0 O * 


..(5) 


The initial phase 0 O is neglected as it plays no part in modu¬ 
lation process. 

Thus f.m. wave can be written as 

e=E c sin K f sin w m t^ ...(6) 
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The instantaneous frequency of f.m. wave is 


Therefore 


/=£=/,+*, § cosu,„r. 


and 


/—-/«-*/g- 

Frequency deviation Af=f ma x'—f< = fc—fmin- 
KjE 
2 * 


•(7) 


The instantaneous frequency can then be expressed as 

f=f e +Af cosw„f. — 

frequency deviation 

The modulation ind e x=m/- m0( julating frequency 

Af KfE m 

. 

And therefore the expression for f.m. wave becomes 

e=£, sin ( u><t+m f sin w«/)- . 

In f.m. broadcasting system, Af has a maximum permissible 
value of 75 kc/s and f m may vary from about 3 c/l toI 5 kc/s 
Consequently, m, can have values both grcaterthanunily or less 
than unity whereas in amplitude modulation m„ sho “ ,d 
unity for distortionless transmission. Variation in transmitted 
frequency is shown in fig 18 ( h ). 


...( 8 ) 


...(9) 



Fig. 18 ( b) Variation of the transmitted frequency for an F.M. wave. 

Power Relation in F.M. Wave: In amplitude modulated 
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wave, intelligence is contained in side frequencies. The amplitude 
and power level of the side frequencies increase with percent 
modulation and consequently, an increase in modulation level also 
increases the power level of modulated wave. On the other hand 
in frequency modulated wave, as the amplitude is not affected by 
modulation, the total power in the wave does not change regard¬ 
less of the degree of modulation. It is also obvious from the 
operation of reactance tube, where it has been shown that the 
effect of modulating signal is to change the capacitance in oscilla¬ 
tor tank circuit so as to cause a shift d/in frequency of the oscilla¬ 
tor, the modulating signal does not change the power output ot 
the oscillator. 

Frequency Spectrum of F. M. Wave : The expression of f.m. 

wave can written as . 

e=E c [sin u> c t. cos (m/sin w m t)+cos a > c t sin (m/ sin 

Evaluating above expression with the help of Bessel s ex¬ 
pression, 

e=E c sin o > e t [J 0 (m/)+27 2 (m f ) cos2aW + 2Jj («/) cos W + ...J 
-f E c cos w c t [2Ji (m/) sin w*,/+2/ 3 (mf) sin 3w BI f+...] 

=J 0 (mf) E c sin w e t 

+Ji (mi) E c [sin (toc+wm)*—sin /] 

+7a (rn,) E e |sin (w c +2u> m ) t- sin (u> c -2u> m ) /] 

-f/, (m r ) E e [sin (u> e +3o> m ) /-sin (w c - 3u> m ) /]. —U 

It is clear from above expression (11) that the , 0 ^ 

f.m. wave consists of carrier and an infinite number of side bands. 
The side frequency components extend above and below the carrier 
by an amount 2* m , 3«,,„ etc. The side frequency pair differing 
from carrier frequency by w m is known as the first order side fre¬ 
quencies and that differing by 2w m as second order side frequencies 

The amplitudes of the different frequency components of f.m. 
wave determined by the values of various order Bessel functions 
depend upon the value of m f A graph of several of these functions 
is drawn in fig. 19. - A . 

It is to be noted from the graph that J 0 (mi) at m/—i* 
a root. This means that carrier will vanish when frequency devia¬ 
tion d/= 2-4. Bessel functions of the first kind for m/ values upto 
5 are given in the table. 

Bandwidth of F.M. Waves : It is defined as the width of 
frequency spectrum that contains all components having an ampli¬ 
tude equal to or greater than one percent of the amplitude of un¬ 
modulated wave (carrier). Suppose a given wave has n sigmhcant 
side frequency pairs then bandwidth is equal to 

*BW=2nf m . -( 12 > 


♦For nth side frequency pair, one component of the pair will have fre¬ 
quency (tu c -f mo,,,) and another (a> f — nio m ) so that total width of requency 
spectrum for this pair will be =(w c -\-nw m )—(aj c —nu> m )=2na) m . 
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TABLE : Bessel Functions of First kind : 
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n or order 



m f 
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0 94 

024 

003 

j 






10 

077 

0-44 

0-11 

m 






1-5 

0‘5I 

0-56 

0-21 

006 

o-oi 






0‘Z2 

0-98 

0‘3S 

0-13 

003 





m 


0-50 

0-45 

0-22 

0 07 

002 




rr 

-0-2G 

0-34 

0-49 

031 

0/3 

0-04 

o-oi 




-0‘AO 

-007 

0-36 

0-43 

0 28 

0-13 

005 

0-02 



m 

0-05 

036 

039 

0 26 


0-05 

0-02 | 



Fig. 19. Variation of amplitude in f.m. wave with m, 

The relation follows from the fact that each side frequency 
pair extends above and below the carrier by an equal amount and 
the spacing in the spectrum between components of successive 
order is equal to modulation frequency/,,. Further, from equation 

, JL 

^ "if 


Therefore. 


or 


BW=2n I? 
m, 

BW n 


, ...(13) 

2A f tnf 

which predicts that ratio of bandwidth to the total frequency devia¬ 
tion depends upon the number of significant side-frequency pairs 
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(„) obtained with a given modulation index (mf). For values m f > 10 
it is seen that the ratio tends to approach unity and the band¬ 
width is almost equal to or slightly larger than 2 &f. For narrow 
band frequency modulation, modulation index is kept at a low 
value by employing small frequency deviations. Moreover, he 
number of significant side frequency pairs, n,'ncreMM as the 
modulation index, #»/, of the wave is increased. Therefore, m, 
kept low for narrow band transmission. 

Suppose frequency of modulating signal * hen ’ 

though d/ will remain unaffected, but m/will be halved (eq. 8). 

Reduction in the value of m, will, in its turn, reduce the value 
of/., the number of significant side frequency pa'rs^If the reduc 
tion in the value of n and m, is by like amounts bandwdt« will 
remain constant even after doubling the modulating frequency. 

Example I : Find the bandwidth needed for a frequency modulated 
signal if the frequency deviation is 60 kc/s and the modulating frequency is 
5 kc/s. 

Frequency deviation d/= 60 kC/S. 

Modulating frequency f m = 5 kc/s. 

Then modulation index will be 

d/ 60 

= 5 

= 12 . 

From Bessel table corresponding to 12, it can be fouod 1 1 

are sixteen significant side frequency pairs (f.e. the highest J coefficient f 

m,=\l is J u ). That is, n= 16. so that 

BH'=2nf„ 

=2x16x5 kc.ls. 

= 160 kc/s. 

Example 2 : A 5 kc/s. modulating frequency provides *t/-2 to *n 
FM wave. What bandwidth is required for passing this wave ? Keeping 
deviation, d/, constant if frequency of modulating signal is doubled, what 
will be the cITect on modulation index ? 




Given : 

Modulation index, m/= 2 

Modulating frequency, /in=5 kc/s- 

From Bessel table, the highest / coefficient included for this value of m, 
is A. Thus i»«4, U. there are four significant side frequency pairs. Thus 
required bandwidth will be 

B\V=2nf m 

=2x4x5 kc/s. 

=40 kc/s. 

If/„, is doubled i.e. 2x5=10 k,'c. t then as 
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/- = 


»'f 


for same Af , the modulation index, /;//, should be halved. 

34 6 REACTANCE TUBE METHOD FOR PRODUCING 
F.M. WAVE : 

This method is quite simple and is being widely adopted these 
days. The method is to control the frequency of an oscillator by 

the modulating voltage with the aid ol reactance tube. 

(A) Capacitive Reactance Tube : 

We know that the frequency of tank circuit depends upon the 
reactance of the components, i.e. t capacitor and inductor. So i wc 
couple some other reactance which varies with modulating voltage 
with the tank circuit, then the frequency generated will vary wi 
coupled reactance and hence with modulating voltage. The output 
wave will be then frequency modulated. 

The reactance tube is merely a pentode tube associated with a 
phase splitting network CR arranged in such a way that when a.c. 
voltage is applied between plate and cathode, the resulting a.c. 
plate current is in phase quadrature with this applied a.c. voltage. 
Consequently, if the plate current leads the applied a c. voltage by 
90° then the tube will offer a capacitance reactance between its 
plate cathode terminals, or if the plate current legs behind the a.c. 
voltage by 90° then the tube will offer an inductive reactance bet¬ 
ween its plate-cathode terminals A' and Y. 

The basic circuit arrangement and a.c. equivalent circuit is 
shown in figs. 20 (a) and 20 (/>). 



Fic 20 (/*) Basic circuit </») a. C. equivalent 
arrangement. circuit 


When R 4 then the current /„ flowing through R and C 
O/C 

leads the applied voltage by 90 . The grid to cathode voltage 
E uk ( = /./?) will also lead the applied a c. voltage by 90°. The 
plate current /,.. being in phase with E k i will also lead the applied 
a.c. voltage by 90°. Thus plate current is leading the plate voltage 
by 90" which happens in the case of a capacitive reactance or in 
otherwords, tube offers a capacitive reactance between plate- 



1458 


Hand Book of Electronics 


cathode terminals X and Y. We shall now calculate the magnitude 
0fth Let re us C de n no e te the impedance by Z„ «Uc*.the tubeoffers* 

kssssss . sx waf issass - 

citor C will be 


Ic = 


1 -R-jX c 


R+ ja,C 

The grid to cathode voltage will be 
F S-. 

The a.c. plate current is given by 

. Eq 4-^ _E 0 , jt __ggo_ 

lp ~ r p r p + r p R-jXe 

Let I , be the current drawn by the reactance tube circuit from 
the applied voltage. Then 

Io=I,+I< 


*E 0 


Eo 


E 0 

= 7I +gm R-jX c T R-jXc 


.-( 1 ) 


Therefore output terminal impedance is given by 



1 


If. 

(1 Igm) 


be neglected 


- ,__ ,__ ...(2) 

7 p + R-jhoC + (\lg„)-jlg«o, CR 
however, r, and (R-jl*Q are large compared to 
(jlg„wCR) then the first two terms in above equation can 


Then 

To= 


1 


CR* 

Fur^r if^J >, . ,hat * ,h “ 

Y - gm ° ,CR 
r 0- 


...(3) 

we can write 


or 


J 

j 


CRg, 


j_ 
OiCtq 


which is purely reactive. Thus the tube offers an equivalent caM- 
citance CR g m . The modulator circuit is shown in fig. 20(c). 
Between X- Y terminals an oscillator circuit is co " n ^ cted ^Z n a 
reactance tube shunts the tank circuit of r.f. oscillator. When a 
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modulating voltage is 
applied to the control grid 
of the tube, this vanes g m 
which in turn vanes the 
equivalent capacitance C ft , 
which is associated with C 0 

and hence frequency of the 

oscillator is modulated. 

Now we shall calcu¬ 
late the frequency of osci¬ 
llations and the modulation 

index. The variation o ^ 2Q (c) ReactaDCC tube modulator. 

control grid potential will be 

' c ^E r ,+c m ~E„+E m cosw„t, -W 

where <•„ is the modulating signal applied at the grid. The straight 
line equation for the fig. 21 (/» can be written as 

£,„=slope of control grid voltage+intercept 

= _ (E„ + E,„ cos «„r)+g 


f/un- 


...(5) 



rig. 21. Plot of n m as control grid voltage. 

Therefore equivalent capacitance of the reactance tube circuit 
will become 

C,q — CR 


') 


...( 6 ) 


Since this effective capacitance is in parallel with the capaci¬ 
tance C 0 of the tank circuit, the frequency ol oscillation 

will be 

^2irV(i.(Co + C„)} 
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1 _ 

= 2tt \L 0 C 0 +L 0 CRg m0 {i-{E C( IE l0 )-(t m IE c0 ) cos *>m/}] ,/2 
When modulating frequency is zero, then the frequency of 
oscillations will be purely of carrier wave, that is, 

1 __ 

fc ~2* [L 0 C 0 +L a CR g m o (\-E"IE c0 )]'i‘ 
Therefore, we can write 


tr 1, LqCK f >„0 E m cos w m t _ 

l E co {L 0 C 0 + L„CK g mo U - EcclEco)) 

, , CR gn, o E m cos o> m t 
~ + 2E, a {C„+CR g ao (1—£■«/£«)} 
or f=fe (I — /»/ cos tu„r) 
where modulation index m f is given by 

— CR gn: 0 E,„ 

m, ~ 2E,„ [C.+C/? g, 0 (1 -EcclEco)} 

_ E,n 

~ 2 (h^+Eco-E'c) 

' CR £"«0 I ... 

The frequency variation effect of the reactance tube should be 
kept small in order to maintain the required proportionality bet¬ 
ween instantaneous modulating voltage and the frequency deviat ion. 
Therefore, in frequency modulated transmitters, submultiple ot 
the assigned carrier frequency is first generated by crystal osci¬ 
llator and modulation is performed. After modulation, the wave 
is then passed through frequency multiplier circuits inordcr to 
achieve the assigned carrier frequency of the station. 

(B) Inductive Reactaoce Tube : The basic circuit of inductive 
reactance tube is shown in fig. 22 (a) and equivalent circuit is 
shown in fig. 22 ( b ). 


...(7) 

...( 8 ) 

...(9) 



Fig. 22. (a) Basic circuit of Fig. 22. ( b ) a.c. equivalent 
inductive reactance tube. circuit. 

In inductive reactance, R > s ° that the current I c that 
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nows through R and C is in phase with the applied voltage. Since 

£ . = A_ it will lag behind the current and the applied a.c. 
j<J)C 

voltage by 90°. The plate current 1„ being in phase with E sk also 
lags behind the applied voltage by SO which happens in the case 
of a circuit having inductive reactance. The reactance tube thus 
behaves as an inductor. 

We shall now proceed to calculate L cq , offered by this reac¬ 
tance tube. Suppose / u is the current drawn by reactance tube 
circuit from ideal voltage source of voltage £ 0 applied between 
plate and cathode and the impedance offered by the tube to E 0 is, 
say, Z 0 . We find from the equivalent circuit that 

E 0 = __Eb (I +j»CR ') 
R g +R(\+j"CR t ) 


h 


R 


Then 


Also 


lV = lr 


_ 

I -\ jwCRg 

R* . 

I -f -jtuCRg 

R< v MlW 


1 -f jwCRg Rg+R 11 +y’*"C R g ) 
R t Eo 


R t +RO+J*CR t ) 


Eo+pEgi 


Then 


.h+. _ 

■— Tg «• i. , 


i, 


R t +mi+j*cR.) 

I,+Ic 


K. ( \+jmCR,) .E. 

' / ■ . x. \ - • o »i ’ 


R.E., 


R.+R O I jwCR,) ' r„ ' s " R, i « (I -OCAj 
Output admittance between XY is given by 

I H = I -\-jviCRg t KmRg 

'<>- >.• o . « #» i 

I 


Y *h _ 

it *T 
'0 


I 


E» /?, + (I -\ joiCRg) ' r ,, ' Rg \ R{ i -\ jiuCRg) 


+ - + 
r f 




4 


1 




> _L+ ^ ^ j^'R 

Km KmRg Km 


' 


ju)C 


The circuit may be chosen such that first two terms in above 
equation arc smaller compared to third one. Then 

v_ 1 _ 

| , R , jwCR 


Km KmRg K 
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Further impedance 

(r. + £.) . , 

can be made much smaller compared to inductive reactance 
jwCRIg,,,, that ] ] 

* 0= jwCRIgn, = M «7 

where 

L " 

which was desired with 




Which we have shown in the case of capacitive f^ance tube. 

The frequency of the inductive reactance tube modulated 
oscillator can be calculated by putting the value of U, in 


f- 


'2 U[c o l) [ 


where 


Thus 


L=-L+-L 

L' L,jL„ 


= Tj{k(h + ™)\ 

The carrier frequency, in the absence of modulating voltage 
(£«»0) is 


Then 


'.-mtU'-m 


f = 

fc 


i/a 


ISV Em COS w m t 


1- 


CRE 


co 


■T 


1/2 


U CR\ Ej 

r, Ei " cos _ 

"L CRE^Ug^HEc-Ecc) 


r 
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E„ cos io m t 


or 

where 


f=f c (I+m/ cos o) m t) 

E- 

m '~ 2 CRE ,o 


L 0 gm 0 


+ (£<o~£<c) 


The above expression is for frequency modulated by the 
signal. 

34 7. COMPARISON OF FREQUENCY AND AMPLITUDE 
MODULATION : 


Frequency modulaiion 


Amplitude modulation 


I. 


There is a substantial reduction 
in interference effects. That is, 
noise can be easily minimised in 
fm. systems The presence of 
the noise at the receiver input in 
addition to the desired signal 
tends to alter the input voltage 
both in instantaneous amplitude 
and instantaneous phase, in 
frequency modulation system, 

amplitude variations can be eli¬ 
minated by slicing them with 
the help of limiter, so that 
always constant amplitude is 
applied to the discriminator. 

No restriction is placed on the 
modulation index. The instanta¬ 
neous frequency deviation is 
proportional to the instanta¬ 
neous magnitude of the modu¬ 
lating signal. 


3. The average power in frequency 
modulated wave is the same as 
that contained in the unmodu¬ 
lated wave (carrier). 


2 . 


In this type of modulation, altera¬ 
tion of the amplitude of the desired 
signal by the noise at the receiver 
input severely affects the response 
and amounts to marked distortion. 


In amplitude modulation, use of an 
excessively large modulating signal 
may result in distortion because of 
over modulation. Modulation index 
can have a maximum value unity 
for distortionless modulation. 

The average power in modulated 
wave is greater than that contained 
in unmodulated wave (carrier). This 
added power is provided by the mo¬ 
dulating source. 


34 8. PHASE MODULATION : 


Dclinition. In ihc process of phase modulation the instanta¬ 
neous phase of the carrier is vaiied by an amount that is pro¬ 
portional to the instantaneous amplitude of the signal and at a rate 
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that is proportional to modulating frequency. The amplitude of 
carrier remains unaltered. 

Analysis : The modulating signal has the form 

e m =E m sin w m l •• (I) 

The instantaneous phase of the wave is given by the expression 
0=9 o +K p E m sin w m /, —(2) 

where proportionality factor K p determines the maximum variation 
in phase for a given signal strength. 

By definition the instaneous phase for phase modulated 
wave is given by 

<f> -F 0q-\- K p E p , sin •••(3) 

Therefore the expression for phase modulated wave can be 
written as 

e=E c sin (w f f+ K P E», sin —W 

0 o representing the constant phase, which plays no part in the 
modulation process, is taken zero. The above expression can be 
written as . 

e=E c sin sin w„,t) t •••v 

where A$—K p E m> M, (® 

and is called phase deviation. If the instantaneous phase of a phase 
modulated wave is given by equation (3), then the instantaneous 
frequency of the phase modulated wave will be 

(<i) e t-\-0o+A4> sin w„,t) 

= U) c -\-A>j> LO n cos U>n,t 

or f-fc+A<t>f»i cos w m t .-(7) 

=/ f +d/ cos io m t 

where Af=A<f>.f„> -(8) 

and is called maximum frequency shift for a phase modulated 
wave. Obviously variation of the rate of change <f> with time will 
produce a change in d/ and consequently in the instantaneous 
frequency /' of the phase modulated wave. This means phase 
modulation, like frequency modulation, is also a frequency varia¬ 
tion process. From equation (X), we can also conclude that if we 
double either the amplitude E,„ or the frequency f„ of the signal 
then maximum frequency shift Af will be doubled. This is in cons- 
trast to frequency modulation process in which 

Af=Kf (cq. 7 art. 7 art. 34 5) ...(9) 

and thus depends only on signal amplitude and not on signal 
frequency. 

We have shown above that the expression for phase modulated 
wave is 

e—E c sin ( co c t+A(f> sin w m t) 
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=Erf„(M) sin o-.t+EJx (M) [sin (<*+»-)/-«*' 

+EcJ% l s| n (w c +2w ra ) i —sm («■><- 2 w.„) *]-r*" 

For the particular case J*=0-5, the values of J. M) «n be 
determined from the curves of fig. 15. These are 

y 0 (0'5)=0'938, 

A (0 5)=0'242, 

J. (0’5)=0 030 

and Jn (0-5)*0 for n > 2. 

The equation of the phase modulated wave then becomes 

<.=0-938 E, sin u.,f +0 242 E, (sin <««+«0 t-s n («.-"»>J) 
+0-030 £. Isin (w, + 2a»,.,) /—sin («,—/J 

~0 938 £,sin Wf /+0-242 £, (sin («,+«*,) (-sin (« c -«-.)■0. 
where the second side band components which have amphtudeot 
JK have been neglected. . Approximation,.smore vahd when 
Ai < 0 5. Equation can be further put in the form 

e=0-938 E, | sin o>,t+ y sin («,+»«) y sin ( w< -o.,„) r J- 

The corresponding equation for a.m. wave is 

*=£,[ sin «..,/+y cos (»,+»-) H y cos («.«-<-..) '} 

It is obvious, on comparing the two nation*. < ha ‘ >™ h * te 

*«*■} 3 t 0 h " e ,y siS’dl This dilTemnce be 

c P tona°,cd if the sidebands of amplitude modulated wave are 
shifted in phase by 90’ with respect to the carrier. 

Fxamplc A 7 5 kc/s modulating signal has sufficient amphludc lo 
cause a phase shift of 50'. Find the amount of indirect FM produced. 

Af-^A'hU 
x7’5 
-6-55 kc/s. 

Comparison with frequency modulated wave : 

If wc compare equation (9) art. 34-5, and equation (5). then 
it becomes obvious that determines the characteristics of phase 
modulated wave in the same manner as the factor »i, determines 
characteristics of frequency modulated wave. II A* be made 
numerically equal to the factor m f , then the two resulting waves, 
ic one phase modulated wave due to phase modulation process 
and another frequency modulated wave due to frequency modula- 
tion process will be identical. 

Since plays the role of m/ in the case of phase modulated 
wave, the expression for bandwidth can be written as 


D\V 


n 


...( 10 ) 



1466 


Hand Book of Electronics 


If the frequency of the signal f„ is doubled, it will not affect 
At (see eq. 6) and therefore, unlike to frequency modulation case, 
there will be no affect on n, the number of significant side fre¬ 
quency pairs. But the value of Af is doubled so that 

BW n 

2 (2J/) -A* 



or in other words bandwidth covered by more widely spaced 
components is doubled. This is in contrast to the case of frequency 
modulation where bandwidth remains constant even after doubling 
the signal frequency /«. 

Production of f.m. wave by phase modulation : 

The undesirable variation of bandwidth with modulating 
frequency, as stated above, can be corrected if E,„ is made to vary 
inversely as the modulating signal frequency f m . For this purpose, 
an integrating circuit can be used. If the input to this circuit is 
e t =E m cos a > m t, then output will be 

E * cos w m t dt 

1 E m sin u) m t 
~RC oj„ 


. , E m 

or l + '-TSBZ 9 

so that for constant E mt the amplitude of output wave, | e 0 1, varies 
inversely as <o m . If the output | e 0 1 is applied to the modulator, 
then frequency deviation Af will notvary \vifh/ m as shown below. 
For this, output voltage, Emt should be replaced by EJRCf m . 
That is 


so that 


Af=A*f m 




This means by doubling /„, Af as well as A<f, will remain 
unaffected. Consequently, bandwidth remains constant which 
happens in the case of frequency modulated wave. In other words, 
we can state that in this process in which, prior to applying the 
modulating voltage to modulator, an integrating circuit is emp¬ 
loyed to vary E m inversely as /„, a frequency modulated wave is 
produced by the process of the phase modulation. 
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34 9 PULSE MODULATION SYSTEMS : 

We have discussed already the ° n f C b 7 proSby 

by sinusoidal signals. A s,gn * Jf[^ C : nlcrva | s The sampling of 

sampled pulses bear'nglIhe char *‘‘. f ' uency carrier and thus 

carrier J,ransmiued. We shall 
discuss pulse modulation methods in brief. 



Fig. 23. Various pulse modulation methods. 

34 9-1 PULSE AMPLITUDE MODULATION (PAM) : 

' hiS 

instan.s aSU Wid!h 5nd position of the pulse remain constant (Lx). 
Modulating signal is sampled at the basic rate, usually y- where 
is the maximum value of frequency present in the modulating 

SiE " a i' U in r,n„rc 24 these amplitude modulated pulses 
As shown in figure 24 Uude modu | alcd 

modulate the radio/“?£,&,, transmitted in the form of short 
radio frequency output ■ . , he( i urol j on 0 f pulses 

S'SSCSlSSil' «/“*— I***’ 
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burst is proportional to the audio frequency signal shown in 
fig. 24 (c). 

The main advantages of pulse amplitude modulation are : 

(a) greater peak power, compared to previous amplitude 
modulation, is obtained, and 

( b ) signal to noise ratio of the system is improved. 

34 9-2. PULSE DURATION OR WIDTH MODULATION 
(IPWM): 

The width of the pulse is varied (around fixed value) inaccor¬ 
dance with the modulating signal whereas amplitude and position 
remain fixed. 



Pulses of constant amplitude 
and duration 


Radio frequency of constant 
amplitude and frequency 


Modulating signal 


Short bursts of modulated 

radio frequency carrier 
Duration of a bursts is equal to 
the duration of pulses in (a) 


Fig. 24. Pulse amplitude modulation. 

Circuit for the production of pulse width modulated wave is 
shown in fig. 25. Trigger pulses arc obtained from the pulse 
generator and applied to the input tube of the monostable multi¬ 
vibrator. The modulating signal wave E m to be sampled is super¬ 
imposed upon the bias voltage £, as shown in the figure. 

In steady state V 2 conducts heavily so that its large plate 
current develops such a voltage across the cathode resistor R a as 
to make both cathode sufficiently positive with respect to ground. 
The positive potential of cathode, so developed, causes the plate 
current of V t to be cutoff. 
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When a positive going pulse of large amplitude so as to make 
the "rid of V x positive with respect to cathode is applied, V x con¬ 
ducts. Plate potential of V x then falls and this decrease in the 
plate potential is directly applied (as the charge on condenser C, 
cannot change instantaneously) to the grid ol V t making it nega¬ 
tive. This reduces the plate current of V 2 , making the cathodes 



Fig. 25. PWM by cathode coupled one shot multivibrator 

less positive with respect to ground. Then V x conducts more with 
the result that plate potintial of V x decreases further and grid 
of V. becomes more negative. Action continues and finally V 2 is 
cut-off while V, remain in conduction. Now capacitor C, dis¬ 
charges through R 2 . When C, is discharged enough to bring the grid 
of V> to a potential level where V t starts conducting, steady states 
arc reverted i.e. V x is cutoff and V z continues to conduct. 

Obviously, more negative is the grid of V 2 , greater will be the 
time for which V x conducts or V t will take more time to start con¬ 
ducting. The duration (f 2 —/,) for which l', conducts depends 
upon : 

(i) the time constant R 2 C X . 

(//) the grid bias voltage of V x . 

The grid bias of V x governs its plate current. The plate current 
in its turn, sets the cathode potential during this interval ofconduc- 
tion (/ 2 — /,) and consequently determines the level to which the 
grid potential of V t should rise before K*can conduct. i,c., deter¬ 
mines the instant /*. Since instant /, is fixed, interval (t £ —t x ) 
varies according to the grid bias voltage. Therefore in the circuit 
(fig. 25), we note that the modulating signal is superimposed upon 
grid bias and hence grid bias varies inaccordance with modulating 
signal v/hich will inturn determine the interval (/,—/,) and hence 
the pulse width. Thus the output is pulse width modulated. 

Transistor Circuit : An emitter coupled multivibrator genera¬ 
ting pulse-width modulation is shown in fig. 26. ft may be noted 
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that (/) the starting time of pulses from a monostable multivibra¬ 
tor is controlled by applying trigger pulses and of these 

(//) the signal, to be sampled, controls the duration of these 

pulses from the monostable multivibrator.. . 

(///) Thegatewidth of this multivibrator depends on the 
voltage to which the capacitor, C, is charged and therefore rf th^s 
voltage is varied inaccordance with signal voltage, rectang 
pulses of varying width will be generated at output. 



Fig. 26. Emitter coupled monostablc multivibrator. 

^For this type of multivibrator stable state is with OFF and 
0 2 on. When trigger pulse (a positive going pulse of large amp 
tude) is applied atthe base of (?„ then it starts inducting As .t 
draws the collector current, voltage at A falls Since any chag 
on condenser C, cannot change instantaneously, the falling.voltage 
It A I is directly applied to the base of Q, This reduces the plate 
current of Q t .‘making the emitters less positive withrespect to 
ground. Its result is that 0, conducts more making now J. mo 
negative. Action continues so that 0. is finally cutoff whil tfi 
remain in conduction. This is called regenerative action. 

With Q- OFF, capacitor C, begins to charge towards +Kc 
through R 2 . The rale of charging depends upon the suppiy whag 
and lime constant R.C., Thus when voltage across C.budds up 
to a level so as to make B 2 sufficiently posit^e ^ starts condu 
ting and Q, is cutoff by regenerative action. The time when 0 2 
starts conducting depends upon : 

(i) the time constant./? 2 C„ . D , a/>OIICP 

(ii) the voltage across the common-emitter resistor, R k 

Q, conducts only when the voltage at base B z becomes slightly 
more positive than voltage across /?*. 
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The voltage across Rk depends upon the current flowing thro¬ 
ugh, which at the time is collector current of Q, (which is then 
ON), The collector current of Q u in turn, depends on the base 
bais voltage, at B x . This base bias voltage in turn, is governed by 
the instantaneous changes in applied modulating signal. Thus 
finally we arrive at the instant r t , at which Q 2 conducts, and, is 
determined by the signal to be sampled. As instant t\ is nxed, 
width (/*—/i) of the output pulse varies inaccordance with the 
modulating signal. 

34 9-3. PULSE POSITION MODULATION (PPM): 

In this process, the spacing along the time axis between the 
pulse do not remain uniform, but is varied inaccordance with the 
modulating single (position of the pulses is shifted) w hereas the 
amplitude and width remain fixed. 

Pulse position modulation can be achieved by differentiating 
width modulated pulses and then rectifying the differentiated out¬ 
put After rectification only those pulses which have differentiated 
trailing edge of width modulated pulses will be obtained as shown 
in figure 27. 

Unmodulated posilioni of trailing edge 
(a) Width modulated pulse 


(b) Width modulated pulse after diffe¬ 
rentiation 


(c) Position modulated pulse after 
rectifying the pulse (b) 

Fig 27 PPM from PWM 



34 9-4. PULSE CODE MODULATION (PCM) : 

In pulse code modulation, signal is first sampled, then sampled 
amplitude is selected interms of nearest standard amplitude. This 
selected standard amplitude is then indicated by a code of pulses. 
Thus finally signal is transmitted as code of pulses. 

As shown in fig. 28, the signal is sampled at an interval t. 
This interval is kept small so that a sufficient number of samples 
can be taken. Though the signal is sampled at regular intervals, 
but due to sufficient number of samples taken at frequent intervals, 
nothing useful of the signal to be transmitted is lost. 

The actual amplitude of the sampled signal is then not chosen 
as such for transmission, but it (sampled amplitude) is quantised 
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into a nearest standard amplitude. For example, actual amplitude 
b is chosen as a nearst standard amplitude 4; actual amplitude a as 
a nearest standard amplitude 5. This is done to iavoidthe use of a 
prohibitively large number of code pulses to indicate the sampled 
amplitudes of the signal. In this process of quantising the inform¬ 
ation, some distortion (as is obvious from dotted and sohd curves) 
is introduced, but this error is minimised by increasing the num- 
ber of standard amplitudes. 


QaAs/m£D wh* 



^ \\W 6 x 7 'rr 7 66 5 > 2 ’ 'boot 

Fig. 28. PCM sampling and quantising. 

These selected standard amplitudes are not transmitted as such 
but are indicated by a code of pulses. As shown in the figure, each 
of the standard amplitudes from 0 to 7, can be specified by 
different combination of pulses in a three pulse code in which a 
pulse may be either present or absent, or ,n oth f cr , J^nlL and 

mainly concerns with the presence or absence of the pu'se ana 
such a code corresponds to binary digital code in which the^ pre 
senceofa pulse is indicated by I and absence by 0*. Thus the 
code for the eight standard amplitudes in three pulse code is 


6 = 
5= 
4= 
3 = 

0 


2* 

1 

1 

1 

1 

0 

0 

0 

0 


2i 

1 

I 

0 

0 

1 

1 

0 

0 


2 ° 

1 

0 

I 

0 

1 

0 

1 

0 


Obviously, seven digit code is capable of transmitting 2 7 =128 
standard amplitudes. A PCM system block diagram is shown in 
figure 29. 


•RTrnTmb^TTm, state of th e binary is .hat stale in which output lube 
conducts while input lube is eul off. This is initial state and no t gg p 
is applied to the first lube. When any pulse of appropriate polarity ana 
amplitude is applied to the tube second, a leversal of state occurs and ou.pu 
tube is cut off while input tube conducts and this is the one state of the bina y. 






Modulation 


1473 



f/K&t 

LOffMSS F/LTEA 


Fig. 29. Block diagram of a PCM system. 

34-9-5. ADVANTAGES OF PULSE MODULATION : 

(/) In such systems, amplitude limiting techniques may be 
employed to minimise noise effects. 

(//) The transmission can be made independent of fading and 
other difficulties. 

////) Multiple signals may be transmitted on a signal carrier. 
(tv) Energy is radiated only in short bursts and therefore the 
consumption of power is low. 

NUMERICAL EXAMPLES 


1 If the r m.s. value of the aerial current before modulation 
is I2'5 A, and during modulation is 14 A, calculate the percentage 
of modulation employed , assuming no distortion. 

We can write the relation in the current before and after the 
modulation as 


I 


»</('+t) 

(&H-S 


14=1 


or 



or m„*=0‘7l32. 

Percentage of modulation=(V7l32 x 100 

=71-32%. 

2. A wireless transmitter radiates 4 K\V, with an unmodu¬ 
lated carrier wave and 5'2 KW. with modulated wave. Assuming 
negligible distortion, calculate percentage of modulation. 

Relation in modulation and carrier wave power can be ex¬ 
pressed as 
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m 2 = 0 * 6 , 
Wa =0-7746. 
Percentage of modulation 

=0-7746x 100 


=7746%. 

3. What should be the power in an amplitude modulated wave 
when modulation is 100 % and carrier power is 10 watts. 

Carrier power P c =E e t /2R= 10 

and m a = I. 

/. Power in modulated wave will be given by 
P m =l0(l + J)=l 5 * atts - 

4 In a plate modulated class C amplifier , the output obtained 
is 15 KW . with an efficiency of70°/ o . The power input from the 
source is J000W. Modulation is 60%. Determine : 

(a) Power supplied by the modulating amplifier, 

(b) Plate dissipation of the amplifier, 

(c) Power supplied to the modulated amplifier. 

Given that P o =\S00 W, 

V=0’7, 

P bb —1000 W , 


m a =0'6. 

(a) Power supplied by the modulating amplifier is 

p _ p mo 2 
Pm — Pbb 2 


= 1000x Sb 


= 180 W. 

(6) Plate dissipation is given by 

= 1000 ( l+^jxO-3 

=708 W. 

(c) Power supplied to the modulated amplifier 

/> (= £2 = '5°?=2142-82 W. 

TJ O ' I 

5. A sinusoidal carrier voltage of frequency l mc/s. and ampli¬ 
tude 100 volts is amplitude-modulated by a sinusoidal voltage of fre¬ 
quency 5 kc s. producing a modulation index of 50%. Calculate the 
frequency and amplitude of upper and lower side band terms. 

Frequency of upper side band 

= a> c +u>m 
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= N0 8 +5-10 3 
= 1005 kc/s. 

Frequency of lower side band 

= u) c —w m 

= 10 6 —6* I0 3 
= 995 kc/s.. 

Amplitude of each side band term 


m a F 

= T* te 

0-5x100 


= 25 \olts. 


6. A grid modulated class C amplifier is designed to give 2 kw 
modulated output power at a modulation depth of 80%. Find the 
rating of the valve. Assume an unmodulated efficiency of 25%. 

Refer to cq. (24) art. 34 3 (ii), the rating of the valve is 


<p,)—^( 5 ^ r -- 1 ) 

-Mes -1 H f ' 

From cq. (22), we get 


i+¥ 


2000 
= 1-32 

= 1515-1515. 


Therefore 

(/ > P W«.=4x 1,51515=4545-45 Watts. 

7. In a grid modulated class C amplifier the rating of the r. f 
amplifier tube (maximum plate dissipation ) is 5000 W and depth of 
modulation is 50%. find ( a)r.fpower output P e .(b) percent 
increase in power contained in sidebands, P.u.b^j and in modulated 
power output, P„. due to modulation. !J the depth of modulation 
is changed so that efficiency increases by 6%, then find the new depth 
of modulation and power dissipated in the valve. Given that un¬ 
modulated efficiency is 25%. 

Given (/%)«.,«• = 3000 W, 

Wo=0-5, 

’?irtim©J- = 0*25. 

(a) r. f. power output 

?f= i^ = j00q_ =1 000 Walt. 

- 1 nVs - 1 

rjunmoa 0 25 
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Total modulated output power is 

/>„=*( i+'¥)=iooox(i+ir) 

= 1000x1-125 
= 1125 Watt. 

Therefore as percent of to'al output P a is 

= ^w xl00 = lW _ xl00 

=13-33%. 

Percent increase in total output power is 


~x 100 


11 25 -1000 
1000 

:X 100 


xioo 


125 


"1000 
=12-5%. 

(c) Efficiency at 50% modulation 

) 

-»('+¥) 

=0-25x1-125 

=0-28125 


=28 125%. 

Increase is by 6%. Therefore, new efficiency 
=(28-125+6)7. 

=34-1527.=0 34125. 

Let new modulation index be m a \ then 
0-34125=0*25 ( 1+^) 

0*8544=m fl '. 

Therefore new modulation is 85'44 0 / o . 

Power output at new modulation 

= 1000x1-365 
= 1365 Watt. 

Power dissipated at the valve 

( 1+ T L )(-7- 1 ) 
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= 1365x 1*941 
=2649 70 Walt. 

8. The following data refers to typical F.M. and P.M. 
systems respectively ; 


F.M. system : 

Carrier voltage e c =100 sin 2*10*/ 

Modulating voltage e m =5 cos 2*1000/ 

Af=S0 kc/s. 

P.M. System : 

Carrier voltage e c =I00 sin 2*10*/ 

Modulating voltage e m =2 cos 2*500/ 

J^=20 rad. 

Find the instantaneous frequencies and instantaneous voltage 
in both the cases. 

F. M. System : Refer lo article 34-5. 

Instantaneous frequency of f. m. wave is given by 
/=/ f + 4/*COS u) m t 

= 10*+50 x 10* x cos 2*. 1000/ 

The instantaneous angular frequency 
Wl = Wc + K/En, COS w m t 

=2 cos 2w /« r 

= 2 *.l 0 *+J/. 2 * cos (2*. 1000/) 

=2* [l0*+50x 10* cos (2*. 1000/)). 

Also if)' = w e t H —— m sin w nt-\-^o 


= 2* fc-t+y sin 2 nf m t+0 o 

= 2w,0#/ + 5 S 5 S ' n ( 27r - IOOO,, + ^ 

=2*. 10*/+ 50 sin (2*.lOOO/)+0 o , 

The expression for f. m. wave is 

e=E ( sin (w f /+m/ sin w„t) 


=E e sin ^2* .fc.t+y sin 2nf m t j 
= 100 sin ^2*.10*/ + ^ 


1U- 


sin 2*. 1000/ 


= 100 sin ( 2 *. 10*./+50 sin 2*.1000/). 

P. M. System : Refer to art. 34‘8. 

Instantaneous frequency of phase modulated wave is given by 
f=f e +Af cos w m t 
=fc + A<t> frn cos 2vf m t 
= 10*+-20x500 cos (2tr 500/) 

= 10*+10* cos (2*.500/). 
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The expression for p.m. wave is 

e=E c sin (w c f+sin a» m t) 

= 100 sin (2 tt. 10 6 ./+20 sin 2n.500 /). 

EXERCISES AND PROBLEMS 

1. A carrier wave is amplitude modulated at audio frequency Deduce an 
expression to show that two side-bands are produced. What is the 
relative power in each sideband carrier when modulation coefficient is 
05? 

2. What do you mean by the process of modulation ? Why is it necessary 
for the transmission of intelligence ? 

Describe briefly plate modulated class C amplifier for the production of 
amptitude modulated wave. 

3. Explain with the help of suitable diagram how a reactance tube is used to 
produce frequency modulation. 

4. Discuss various methods of modulating the carrier amplitude of broad¬ 
cast transmitter, with special reference to the method which is used 
commonly. 

•5. Describe the main-features of amplitude modulation. Describe a plate 
modulated class C amplifier and discuss in detail a method for the 
measurement of percentage of modulation. 

6. Why is single side-band transmission preferred ? Discuss how it is 
produced by means of balanced modulators. What are its advantages over 
the conventional amplitude modulation systems ? 

7. A carrier having an amplitude of 100 volts and a frequency of 100 mc/s, 
is frequency modulated with a modulating frequency equal to 1000 cycles. 
The resulting frequency deviation A/ «s 75 kc/s. 

(a) Write an expression for the instantaneous voltage of the modulated 
wave. 

(b) Write an expression for the instantaneous frequency of the modulated 
wave. 

8. The r.m.s. value of radio frequency voltage before modulation by a sine- 
wave audio frequency voltage is 50 volts, and after modulation 5 volts: 
Calculate the percentage of modulation. 

9. What arc the advantages of f.m. over a.m. ? Derive the expression for 
the spectrum of f m wave. Under what condition does the spectrum not 
contain carrier frequency ? 

10. Compare frequency modulation with phase modulation in terms of the 
frequency and phase deviations produced by modulation with sinusoidal 
tones of constant amplitude and different frequencies. Hence show that: 
(<r) a frequency modulator can be used to generate a phase modulated 

wave. 

(b) a phase modulator can be used to generate a frequency modulated 

wave. 

11. A high frequency oscillation of frequency / is modulated by a frequency 
p so that the resultant current is represented by the expression 

i—A (l — B sin 2vpt) sin 2 nft. 

Resolve this expression into the carrier and two side frequencies. What 
is meant by percentage of modulation, and what is the percentage modu- 
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lation io above case ? A transmitter supplies 10 kW to the aerial when 
modulated, what will be its output when modulated to 100 %. 

[Hint; i=A sin 2 irft—AB sin 2 npt sin 2nfi 

= A sin 2 Tift- y [cos 2 n(p-f) t—cos 2* (p */)/) 

which consists carrier and two side bands. Comparing it with eq. 4 art. 
341, we find that (across some resistance R) 

E c AB m a E c 
A ~R ' 2 ~ 2R 

so that power dissipated across R is 



with 100 % modulation B- 1, so that 



=xy x 10— 15 kw. 

because when unmodulated, power A* is I0W.) 

12. Describe the principle and operation of a suppressor grid class C modu¬ 
lated amplifier, what are the advantages of this t)pc of modulation. If a 
class C modulated R F. amplifier generates a earner frequency power of 
1*6 k W at an efficiency of 66%. calculate the output of the modulator to 
modulate the carrier with 100"; modulation. 

(Hlnl: The modulated output of r.f amplifier is given by 

/ > 0 =>) Pu, ( ' + - 2 -) 

It is given that 

p 0 =\-bklV, rj=0 6 and m«=»l for 100% modulation, 
so that 

n 16 2 » ... 

p » = <F6 x i kw 


Average power supplied by the modulator (modulating amplifier) will be 


m, 


* T6 2 I 


*i kW 

H>000 
~ 18 


= 808 watts). 

13. Discuss in detail the advantages and disadvantages of frequency modu¬ 
lation. 

14. What are life advantages of pulse modulation system. Discuss pulse 
width and pulse code modulation system illustrate with circuit diagrams 
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DEMODULATION (DETECTION) 


Demodulation is the process in which the original moddating 
voltage is recovered from the modulated wave Circuits employed 
for detection are called detectors or demodulators “"d depends 
upon the type of modulation. They are broadly classified as . 

(i) Amplitude modulated detectors. 

(//) Frequency modulated detectors. 

PRINCIPLE of a. m. detection and classifi- 

CATION OF A. M. DETECTORS : 

In amplitude modulation envelope, the carrier amplitude has 

symmetrical variations at its positive and negative ha f cycles hat 
correspond to modulating voltage. As this envelope is symmetrical, 
the mean value of detected or rectified r.f. current comes out to be 
zero. Therefore non-linear devices are used which make the mo¬ 
dulated wave unsymmetrical either by wiping out the negative ha f 
r.f. cycles or by making positive and negative half cyc’es unequal. 
Consequently d.c. or mean value of detected (or rectified) r.f.cur- 
rent then rises and falls at modulating signal rate inaccordance 
with the amplitude of r.f. signal and may be separated by employ¬ 
ing suitable filters. Thus audio frequency variations extracted 
from the modulated wave. There are mainly two types of detectors. 

(/) small signal or square law detectors (non-linear detectors), 

(//) large signal or linear detectors. 

In square law detectors the output amplitude (detected output 
voltage) is not a linear function of input amplitude. The detecting 
tube is operated at the non-linear portion of its characteristic. 
Since current through the detecting circuit elements flows continu¬ 
ously, plate current of the detecting tube can be expressed m the 
form of power series expansion. This type of detection is suited 
for small signals. 

In linear detection output amplitude (detected output voltage) 
is proportional to the input voltage i.e. their relationship is linear. 
In such a type of detection, rectification properties of the diode is 
used so that the current in diode flows in pulses. The behaviour 
of such a device, therefore, can not be analysed by the use ot 
power series representation. This type of detection is suited for 
large sig nals. 
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35-2. SQUARE LAW DETECTION : 

Square law detection can be classified as: 

(a) Square law diode detection. 

(b) Square law triode detection. This type can be further 

divided into two classes : 

(/) anode bend detection or grid detection, 

(//) grid leak detection. 

35-2-1. SQUARE LAW DIODE DETECTION : 

The circuit for square law diode detection is shown in fig. 1. 

In this process of detection, we -*r-1 

utilise the nonlinear portion of dyna- ' 1 

mic volt-ampere characteristic ot (- 1 -) 

diode. Vp 

Since in the case of square law 

detector the input carrier voltage is oi _ 

very small magnitude, the operating I 4 „i. 

point will be on excessively non- C± *%**? 

incar portion of the characteristic. L. T —-* 

On the other hand, in the case of 

linear diode detector this operating \_ -jj- 

point shifts towards linear portioni ol p , Cjrcuit of square laB 

characteristic because of large input diode circuit, 

carrier voltage and most of the opera- 
tion takes place over the linear region of characteristic. 

Battery &» is applied to bias the plate of diode positively^ in 

ordefto shiftthe working point to a non-linear portion on the 
characteristic as shown in fig. 2. 


I-* 


Fig. 1. Circuit of square law 
diode circuit. 



Fig. 2. Output wave of detector with resistive load. 
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When a modulated wave is applied to the detector input then 
since the operation takes place over the non-linear portion, lower 
half of the input waveform will be compressed in the output as 
shown. Due to unsymmetrical shape of output waveform, varying 
average current will be produced. This average current will be 
made up of two components. 

The capacitor C offers low reactance to carrier frequencies so 
that all carrier frequencies are bypassed and only average current 
component flows in load resistance R. 

The performance of square law diode detector can be repre¬ 
sented by a power series. The plate current is related to plate 
potential by a square law relation 

l=a x V a +a t V a '. ...(1) 

where f / o=£w,+e 

=Ebb +E C (I + m a cos a > m t) cos <o c t 

m E 

= Etb~\ Ec COS c 0 e t+ -1— cos (ctfc-w*) t 



COS (a>c + w„,) r. 


Putting this value of V a in current relation (1), we shall get 
terms containing frequencies 2w f , 2 (<o c +<o m ), 2 (w £ -w n ), w m and 
2a> m . The radio frequency terms are bypassed through the shunt¬ 
ing capacitor C, while w m and 2<*> m produce output voltage V 0 
across load resistance R. co m term gives desired modulating voltage, 
while 2io m is a harmonic term producing distortion. 


35 2-2. SQUARE LAW TRIODE DETECTION : 

We shall first discuss grid detection or anode bend detection. 

(a) Grid detection (Anode bend detection) : The method of 
detection makes use of non-linear portion of the dynamic transfer 
characteristic of a grid controlled tube, i.e. triode, tetrode or 
pentode. 

Circuit arrangement is shown in figure 3. The grid is biased 
such as to shift the operating point to the nonlinear portion of 
the dynamic transfer characteristics. 
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As shown in figure 4 average value of plate current over one 
cycle of the carrier wave, fluctuates with the signal | n ?P ,lt “ dc *" d 

therefore, potential drop across the load resistance has modula¬ 
tion frequency component which follows the modulation envelope 
of the signal. Condenser C bypasses radio frequency component. 



Fig. 4. Illustration of the operation of detector. 

Analysis of anode bend detection: let ax. plate current / be 
represented approximately by the power series 

i=a x e+a,e 2 . —(0 

neglecting higher order terms, where 
6 e-E t (l+m« cos w m t) cos w,t. 

Therefore equation (I) becomes 
/=a,£ f (I +//»„ cos w„,t) cos oj f r 

+% E ( 1 (1+m. cos w m ty (1 +cos 2w<t) 


=a x E c ^ cos cos (wc+wm) *+y- cos (<»,-a» M )r J 

+jE< 2 | 1+2 m a cos oj m t+ n ~ (1+cos 2 w„t) j 


H 


COS 2ui c t + 2m a COS 0)„,l COS 2 io,/ + -j— COS 2a t(t 
+^— cos 2w m t cos 2u) { t 1 


...( 2 ) 
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Since radio frequency components are bypassed by the shunt 
condenser, the remaining terms in the plate current are given by 

h=Y E? [ l+^y +2m. cos oW+'y cos 2w m t J 

=y £c ! (l+y )+<**&’«. cos «-* 

EM/ cos 2w„i. -(3) 


In the equation (3) the terms : 

(i) j E e * (l+y*) constitutes the d.c. component of plate 

current (/«/. c .). . 

(//) The second term a,2^ cos constitutes the desired 

modulation frequency component. 

(//<) The third term a -\ E c '.m. cos W constitutes the distor¬ 
tion term in frequency, 2a.. being a harmonic of modulation fre- 

qUen The tU d.c. component is blocked from being transmitted to next 
stage by means of coupling condenser C c . The modulation frequ¬ 
ency component in the output plate current, /, is therefore 


i,=a t E c ' ( 


m a cos iomt+ 


^ cos 2 


...W 


The second harmonic component should he ^ e P l as °^ s 
possible. If it is to be kept low, say 10% of the fundamental com¬ 
ponent, then it is necessary that 


m a 2 mo 

4 < 10 


or 


m a < 0*4. 

That is the modulation index should be less than 0 4. Ordi¬ 
nary broadcast is performed generally at 40%. Therefore detectors 
can be used to act satisfactorily. 

Example* Find the second harmonic distortion in audio output if the 
depth of modulation exceeds 20% in an A.M. signal applied to square law 


detector. . 

From equation (4) the amplitude of the second harmonic component is 
m a >/4, The amplitude of desired modulation frequency component is m a . 
Therefore, percentage of second harmonic is 


= x 100=25/11,,% 
m a x 

If depth of modulation exceeds 20% i.e, m 0 >0 2 then percentage of 
second harmonic will be greater than 25x0*2 or 5. Thus second harmonic 
distortion will exceed 5%. 


Demodulation ( Detection) 

Advantages : Main advantage of anode bend detection is that 
when signal fmplitude is not large, no current flows ‘n the control 
grid circuit, and thus power consumption in grid circuit is very 
small. Superiority of anode bend detection over Imwr diode 
detection is that it does not require any power from the modulated 

Carr '(b) Grid Leak Detection : Circuit for grid leak detection is 
shown in fig. 5. The method makes use of the non-linear portion 
of the dynamic grid current-grid voltage characteristic of a g i 

controlled tube shown in fig. 6. 

The complete circuit can be understood as a combination f 
diode detector and a stage of mode amplification for de ec ed 

signal. Grid and cathode act as elements of a diode, reel dying 
the input modulated signal and RC combination acts as its load 
impedance. 



Fig. 5. Circuit of triodc grid detection. 


At positive peaks of input 
signal, electrons flow from cathode 
to the grid of the triode, charging . 
the condenser, C, to a potential 9 
difference V 9 . Similar to diode f 

detector, the potential difference I 

y u has three components : 

(/) a direct component, 
nearly equal to the amplitude of 
the carrier wave, 

(//) an audio frequency com- -+9ft/o V 

ponent having amplitude nearly 

equal to amplitude of the mo- Fig. 6. Dynamic /.-^characteristic 
dulation envelope and of a grid-controlled tube. 

(///) a radio frequency ripple. 

This detected signal across the resistor R is also available bet¬ 
ween grid and cathode of the amplifier tube. Since grid potential 
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varies inaccordance with modulation frequency, the anode current 
will also follow the modulation envelope. The current sets up a 
modulating voltage across Rl and r.f components are bypassed by 
shunt capacitor C\. 

Advantage : The important characteristics of grid leak detec¬ 
tion method is that it provides high sensitivity, / e. a comparatively 
large output voltage at modulation frequency may be obtained tor 
a given magnitude of input modulated voltage. 

Disadvantage : When the input signal is small, current in 
grid circuit flows continuously for the complete r.f. cycle resulting 
in high consumption of power in grid circuit. 

35 3. LINEAR DIODE DETECTORS : 

This type of detectors are being widely used in home receivers 
because of satisfactory operation, although the modulated input to 
the detector must be large. These detector circuits are of two 
types: 

(a) average detection type, and 

(b) envelope or peak detection type. 


35 3-1. LINEAR AVERAGE TYPE DIODE DETECTOR : 

Circuit is shown in fig. 7. The modulated signal is fed to the 
diode through a resonant circuit tuned to the carrier frequency. 
Resonant circuit has a bandwidth sufficient to accommodate the 
sidebands of the signal and thus signal input to diode is without 

distortion. As shown in fig. 7 (b), input signal is rectified and 



Fig. 7. (a) Linear average diode detector. 

( b) operational characteristic. 

average current, /«., in the diode circuit is obtained which follows 
the variation of modulating voltage. We can show mathematically 
that output V av contains modulating signal component. Let the 
modulated voltage at input be 

e=E c (1-f m a cos w m t) cos u> c t. 
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The current pulse during conduction period is then 
e E 

/', = ■—— = —(l+//7 a cos w,„t ) cos w c t 


for — tt/2 < (j ( t < nil • rj is diode resistance and R is the load 
resistance. 


The average current over a period of carrier frequency is 


'-if!. 

1 f **/2 £ 

= d-, I ,r7^ (,+ '" aC0S “'"° C0S 




If cos w m t term is assumed to be constant (since io„, w f , 
cos iu m t does not appreciably change during one cycle of carrier 
frequency) over an interval — n/2 to n/2 of carrier frequency then 
E If ' 9,t 

/«„ = r~ a ~\~R ^ + W * C0S Wml )' 2nJ w C0S w>t d ^ Wct ) 

=—• -f' (l+m« cos W w t) t ...(I) 

n r,/ + K 

Therefore average output voltage is 

V a ,-V=L (l+ m - cos —(2) 

which shows that average component of output voltage contains 
a d.c. component 


E<R 

n(rj+R) 

and the modulating signal component with no distortion (i.e. no 
harmonics of modulating frequency. w,„.) is 


E,.R 

- — m a cos w,«t. 
»('*4 R) 

The detection efficiency is given by 

Average value of output power 
1 Peak value of input voltage 
Therefore, for average detector, we have 

_ v _ 

£, (l+m. cos w m t) 


using eq. 2. 
or 


J_ _R _ 

~~ n ( r d + R) 

,_±._3fcu. 

» 1+A/* 


...(3) 

.-( 4 ) 
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which, when — > 1, reduces to 
r<i 



and is maximum. 

This type of diode detector is not very efficient because the 
modulating signal component is one-third of the input voltage 
(1 In term in eq. 2). Further carrier frequency component along 
with its harmonics is also present at the output which is not desira¬ 
ble. For filtering this high frequency component and improving 
the efficiency, a capacitor is connected across load resistor R as 
detailed in next article. 

35.3-2. ENVELOPE DIODE DETECTOR : 

They are most commonly employed in all types of home radio 
receivers because of their large detection efficiency and also being 
practically free from distortion. 

Let us first discuss the effect of introducing condenser and 
resistor in a diode circuit. 

(/) Introduction of a condenser : Circuit is shown in fig. 8 (a). 

Let us suppose that as soon as we switch the supply, posi¬ 
tive half cycle starts. A current 
will then flow through the diode 
charging the condenser C and 
making its plate connected to 
cathode-positive. The potential 
difference across the condenser, 

V ct appears as a negative bias 
[shown by a line in fig. 8 ( b )] on 
the anode of the valve due to 
which the anode potential will 
be Fig. 8. (o) Condenser in 

V a =e — V Ct a diode circuit. 

where e is supply voltage. 

This potential across condenser goes on increasing with the 
flow of current. Now towards the end of the positive half cycle, 
a stage comes when falling magnitude of the supply voltage, say m, 
becomes equal to the rising magnitude of bias voltage and hence 
the current stops to flow. Now during the rest of cycle, since 
the current does not flow, diode is open, condenser connot discha¬ 
rge but retains the previous charge. 

On next positive half cycle, current will start flowing only 
when the supply voltage reaches the value V x . With the flow ot 

current, charge on condenser will again increase and hence the 

potential V e . Since bias voltage increases, the current will rise for 
a smaller period as compared to first positive half cycle and stops 
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Fig. 8 (6). Action of diode with condenser in series. 

sooner Finally a stage conies, when V, rises to the peak value, e 
of supply voltage and then no current flows through the valve at 

any time. 

(HI) Introduction of resistance in previous circuit of.fig.* (a): 

Due to the introduction of resistance, at negative half c>tle. the 

condenser will discharge through it and hence V t m\ d *j****| 
time constant CR is sufficiently large as compared with the period 
of supply voltage, condenser will discharge very little between two 
positive cycles Thus, ultimately, the potential acro ss conde nser 
will rise on switching the supply. - i 

But due to the increase in this 
potential, current pulses become 
lower and thus give less charge 
to the condenser. Further the 
interval between the current pul¬ 
ses, in which condenser discharges, 
becomes longer. Finally a stage 
comes when the voltage gained 
by the condenser during charging 
process becomes equal to the 
voltage lost during discharge and 

thus average potential difference across condenser becomes cons¬ 
tant Wt in fig. 8 (</)} which is less than peak value of supply vol¬ 
tage' In this case, therefore, current will always flow at the post- 
tive peaks of supply voltage. 


©I* 


Fig. 8 (c). 
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Fig. 8 (</). Action of diode with a C-R circuit in series. 

Linear Diode Detector Circuit: Linear diode detection utilises 
the rectification characeristic of a diode. In fig. 9 (a) and 9 (b) 
basic circuit of linear diode detector is shown. 



Fig. 9 ( b ). Basic circuit of linear diode detector. 
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The modulated carrier voltage is applied to a senes combi¬ 
nation of diode and load impedance consisting of a resistance /< in 

parallel with a capacitance C. As shown in figure 9 (a) and 9 (d), 
/ is the current through diode, V a is the potential across the diode, 
and V 0 is output voltage. 

Satisfactory Conditions of Detection : The condenser with a 
capacitance C should be such that its reactance at radio frequency 
f c is much less than R t i.e. 

* 

while its reactance at audio frequency/„, is much greater than R, 


i.e. 


1 


2*fS 


> R. 


We sec from above conditions that impedance of load circuit 
is small at radio frequency while large at modulation frequency. 
Therefore, when a modulated signal is applied to the circuit, the 

radio frequency components of the current through diode setup- 

only a small potential difference across the load but audio Irequ 
ency and direct components will set up large potential differences 
(Refer to fig. 10). Thus a unidirectional potential difference k 0 , 



Fig. 10. Variation of average current through diode 

(a) when input is unmodulated 

( b ) when input is modulated. 
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varying at modulation frequency will appear across the load and 
the ripple will be very small. 

When the carrier wave is not modulated, the average current 
J through diode will be constant; but when the wave is modulated, 
then the average value of the current / through the diode will 
fluctuate at audio frequency rate over one cycle of carrier wave. 
Therefore, if the period of modulation T„ is greater than CR, 
then potential difference across the load fluctuates with average 
current through diode because condenser will not bypass audio 
frequency. 

The radio frequency is bypassed for the period of carrier wave 
is much less than time constant CR. 

Therefore the condition of satisfactory detection is 
T m > CR > T c 


1 

u 


CR>y 
Jc 


or 

/ **• r • # 

Theory of detection : For the analysis of diode detection, we 
assume that signal applied to the diode is having a i large ampli¬ 
tude and is not deeply modulated. For this reason changes m tne 
peak current through the diode will remain confined to straight 
portion of volt-ampere characteristic of the diode. In other words, 
we, during the analysis, can take the characteristic of the diode to 
be a straight line, the slope of which can be taken as 

rj=j L - 

With carrier as input : Let us first consider the case when 
unmodulated signal (carrier only) 


e c =E c cos tx) e t 


...( 2 ) 


is input to the diode. As shown in fig. 10 (a), the average current 
7", through the diode will be constant in this case. This current 
will develop the average potential 

V 0 =RT •••(*) 

across the load, R. We ignore the ripples in output voltage be¬ 
cause they will be very small when CR time constant is long 
compared with the periodic time of the carrier voltage. 

It is obvious from fig. 11, that plate current flows in pulses 
starting from angle — $ x to + 0 X . At uj c t l = — 0 lt signal voltage 
(which is carrier here), e c becomes equal to the potential difference 
across the load. Then 

e c =E c cos w c ti=y 0 


or 


Wc/l=-01=COS" 1 ^ 


...(5) 


The average anode current is given by 

h d{wc,) 
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= --[*■ (£ c cos wj- r„) d(w,l) 
*r d j 9 

=j- (E, sin «,-Po8,). 
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...( 6 ) 



Fig. II. Conduction angles of diode. 

Putting this value of 7 in cq. (3), we get the mean output 
voltage 

•••<” 

The ratio of the average potential difference across the load 
to the peak signal voltage is called efficiency of detection. Denot¬ 
ing it by p we have 

p =~=cos 0| (from eq. 5) ...(8) 

t ( 

Putting cq. (8) into eq. (7), we get 

o 

cos — (sin 0!-0 1 cos 0,) 
vr d 

nr d 

or tan 0,-01 = ...(9) 

Since angle 0, is small, we can expand tan 0, and taking only 
first two terms of expansion 

*i s \ * 
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(t)’ 


...( 10 ) 


For small values of angle of flow 29, and hence for small 
value of 0,. the detection 0, is given by 

0. 2 

j8=cos 0,= 1— -y 
From this eq. we note that: 

m detection efficiency increases as load resistance R increases, 
approLhing 0 unity for considerably large values of load res,stance 
compared to diode resistance. 

07 ) detection efficiency is large for small values of diode 
r i n ac tua| diode, r d varies because of curvature m 
FC u characteristic and has a minimum value over the linear 

input signal amplitude. . . 

Thus for efficient operation of the detector input signal must 

be large and load resistance must be kept much greater than th 
diode resistance. 

With modulated wave as input : Let us now consider the case 
when the signal input to the diode is modulated. The signal is 

expressed as 

e=E c (\+n'o cos co m t) sin o> f f, 

where «>„ and are audio and carrier frequencies respectively. 
As discussed previously and depicted in fig. 10, when signal inp 
to detector circuit is modulated then average _yalue of # ®“ rr cnt / 
throueh diode and so the average potential K 0 . across load will 
vary at modulation frequency following modulation envelope. 
Detection efficiency 

averaee potential difference across load 
P = peak signaTTnput voltage - 

__ Youtp ut __ 

““£c(l+w« Sin oj m t) 
or V 0 uipui=pEc+PE< m * sin ut M t. 

Fa H2) has two components in the output voltage. The direct 
component of potential difference across load is 

V„=pE c ...13(a) 

and modulation frequency component is 

Vi=m a pE c sin w m t. ...13(h) 
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Eq. (136) represents the required expression for modulating volt¬ 
age output (audio output). In order to obtain appreciable audio 
output, efficiency of detection should be high which, inturn, 
requires that load resistance R should be much greater than the 
diode resistance r d . Further we notice that the signal amplitude 

£c(l sin w m t) 

will be different when sin w, n t—-\-\ than when sintu„,/—— 1. 
Consequently diode resistance r d . which decreases when signal 
amplitude increases, will be different for these two values. This 
means detection efficiency/? is greater when sin w„,r— + 1 than 
when sin The net effect of this variation is that the 

modulation frequency output, V u of the detector is not sinusoidal 
but distorted. The degree of distortion increases when the depth 
of modulation is large, because then the diode resistance r d varies 
over greater range. In order to reduce this distortion, a high value 
of load resistance. R, is chosen so that the ratio (rJR) is small. 
Then the term i (3 nr JR)** in cq. (11) is small and detection 
efficiency B is little affected reducing, thereby, the distortion The 
diode detectors thus operate most efficiently when the input volt¬ 
age is large and load resistcncc is high enough compared to diode 
resistance. 

Equations (1 ?a) and (136) can also be put in another form 
including diode resistance r d and load resistance R. 

From eq. (7), for unmodulated signal input having amplitude, 
£ f , the output voltage is 

E ( R i . Q T'oyipyi n \ 

W,-— («n 

Now with modulated signal input having amplitude 
£ c (l+m„ sin w„t), output voltage from cq. (12) is 

W.-0&O + n ’- s,n u '"') 

Substituting these values of amplitude and output voltage in right 
hand side of the previous equation, we get 
_ £.(l+w« sin w„i) R / ■ g _ 0EM +w. «in wj) . \ 

- „ rj V ' £V(I+»|. sin o. m r) °‘) 

_ /?£,(! +/»„ sin u, m t) {iin)i _p 0l) 

* r d 

=^(sin e,- 0 ! cos 0 ,) + RE -" , ‘'" n (sin B,-e, cos 0.) 

vr d vr J 

in which wc have put /?=cos 0 t . 

Therefore d.c. output voltage is 


F 0 = —— (sin 0j — 0 X cos 0 ,) 
irr d 


...14(a) 

and modulation frequency component i.e. a.c. output 

I v \ (sin 0,-0! cos 0,) sin w m t ...14(6) 


vr d 
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The effect of bypass condenser : Choice of time constant RC 
in linear diode detector : Diagonal Clipping : 

The time constant RC cannot be chosen too high or too low. 
If time constant is very small, then during the non-conducting 
!nt ervaI s°d i sdi a rge curve is almost vertical which produces large 

fluctuations in the output voltage. On the other hand, if RC is 
high then the discharge of condenser during the non-conducting 
intervals will be too slow. The discharge curve now will be almost 
horhtontaTso as to miss several peaks of the rectified output vol- 
tagc during negative peaks as shown in fig. 12. 



Fig. 12. Distortion in the output of a diode detector. 

Therefore, in order that the output voltage across the load cir- 
.Jnvfnllow the fluctuations of the modulation envelope, it is 

fall in the process of detection. 

In general, if a condenser of capacitance C is charged to 


potential difference V, then its discharge through a resistance R 
can be represented by the equation 


V=Ve-'‘ RC , 

so that the natural rate of fall of potential is 
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rc 

-OS) 

^ of in fie 12 must follow the 
For no distortion, the curve of U S- 

equation 

potential difference 

The required rate of fall of the average p 
across load is given by 


E<m a *nt cos w m t. 
at 


...(16) 

*..«b.»« d, JL fv" 0 “ffS; SS 

STUB'S! rt?t» 

( 16 ) that 

^ > -BEctn^n, cos w,„/. 

Putting the value of ?,>. 

flEe (1 +m m sinwj) cos u>„,t, 

- BC 

1 m„w„, cos u )J ...(17) 

RC^“"l+Wj sin w "- r 
Inequality (17) will be maximum if 
sin o> / = — Wi. 

Putting this value of sin o, m l in cq. (17), we get 

l-w a 2 

Omitting negative sign as having no physical sigmficance, 

1 m«o>, _ ...(18) 

RC 'VO-»'•*) 

1 m a 


or 


or 


u> m RC' V<l-m.*) 


Xc 


m. 


r ^Wl\— mJ) 


where *c=» — r is thc rcaclance of condenser. 

oj m .C 

Therefore, the condition for no distortion due to thc shunting 
capacitance can be expressed as 



1498 


Hand Book of Electronics 


Xc m a _ 

R *y/(\-mf) 


...(19) 


As modulation index m a increases, — ° —— also increases 

V(l-m 0 2 ) 

and time constant decreases. When modulation is 100%, ratio 

—^approaches infinity and RC , the time constant, becomes 
VI 1 — m a ! 

zero. With zero time constant, modulation frequency and carrier 
frequency both will remain in the output as there will be no filtra¬ 
tion of carrier frequency. The output thus largely fluctuates when 
the time constant is zero. This is the cause for which we do not 
prefer linear diode detection when the wave is 100% modulated. 
For 90°/ o modulation, we see that 


^ ^ 2 approximately. 


...( 20 ) 


Relation (20) is the design formula for the load circuit of a 
diode detector. 

Example: Design the load circuit for a liocar diode detector if a signal 
of 4kc/s with 70% modulation is to be detected satisfactorily. 

We shall calculate the values of R and C. The limiting values for them 
are given by 

Xc m a 
R “VO-™* 2 ) 
or 

Given, m a =07 
/m = 4.10 3 

Therefore, *0=^=^L 

2ttx4x10 4 x0-7 

0*714 

“2*x4xJ0 8 x0-7 


Therefore, 


“-skS-™* 10 - 

or R= 1000 ohms. 

C=4 06x10-® farad. 

= 00 4nf. 

Input resistance of diode detector : When a signal voltage 
is applied to the diode detector then the ratio of the signal voltage 
to the current drawn from the source is called the input impedance 
of the detector, the resistive component of this impedance, or the 
effective input resistance may be defined in terms of an equivalent 
resistor which would absorb the same power as the detector circuit 
when connected across the same. This may be obtained as 
follows : 
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Let the signal 

E=E C cos w c t 

be applied to the diode detector. Then the average value of the 
power absorbed by the detector circuit is 


j cos d M 

=y J** 1 (la E ( cos iv c t) d(w e t) 
E ( cos w e t) d(u) ( t)t 


as the diode conducts from -0, to + 0,. /„ is the current through 

the diode and 20, is the angle of flow. 

If it is assumed that the diode characteristic is straight and V a 

be the direct potential difference across the load, then 

(£ c cos w ( t — v 0 ) 
cos io ( t. - - -"• 


■tf* 

p 1 (cos* cu t f— COS <u c f jj? J</(»«0 
(COS* uj ( t—COS oj ( t COS 0,) </(w f /) 

wrjJo 


on using eq. (8). Therefore 

( 0 ,+^-^- -2 cos 0 ,.sin 0,) 

nr d \ 2 / 




= (^j—cos 0,.sin 0,) 

IvTa 


...(2D 

If R,„ denotes the effective input resistance, then by definition, 

...( 22 ) 




thus 


(«,-cos #,.sin 0,) 

2 R,n 2rrrj 


or R 


nrj 


ln 0,-cos 0,.sin 0, 
nr d 


irr d 


0,—cos0i \/(l—cos* 0,) cos" 1 p-p VO“0 2 ) 
Eq. (23) can be put in the form 

vr d 


...(23) 

...( 24 ) 


Ri*= 


0i- 


sin 20, 


Since the angle of flow, 20,, is small we can put 

( 20 ,)* 


A Art 
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so that 


*/-= 




_3 irr d 

20S • ...(25) 

Putting from eq. (10), 

V-Tp. 

we get from eq. (25), 

R * 

T ...(26) 

amplifiers? 0 '• aUy C0Upled ,0 ,he Preceding tuned 

55 SSSr 8 ? 3?s - 

load resistance /? ^ re£ l uire a J flr ge value of 

(tan 0,—ff,) 

“ 1 , «—»•!.« 

tan 0,—4 

.... _ . * ^T-cos 4 Sin 0 ,' 

When efficiency 0 is high, 4 is small so that 

sin 4=4— cos 4 = 1 
Therefore 
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: 2 P 
R_ 

'W 


...(27) 


or Ru 

Since H is already taken to be quite high,■j n P u ^ r “!i ,, i " C ! r 'SE 
be made large by choosing a large vahie of load resistance order 
to minimize the aforesaid shunting effect. 

35 4. DETECTION CHARACTERISTICS OF DIODE AND ITS 
USES: 

Circuit for obtaining the detection characteristics, which are 
sometimes called as dynamic characteristics, is shown fig. 13. 



Fig. 13. Circuit for drawing dynamic characteristics of a diode. 

torCaTvohaJre C r.aVn from the mains We keep the 

S?l. di ?hc_ n dite« curr™"'microammete?^? measure's 8 ,he 

average current / through diode. -..*.«** 

The dynamic characteristics arc drawn by plotting the average 
current 7 through the diode against the direct potential difference 

y t for a fixed signal amplitude 1 For different curves other values 

of e arc chosen. f f . .. . 

Figure 14. shows the dynamic characteristics of the diode. 

Uses of detection characteristics : The performance of a detec¬ 
tor can be analysed by means of these characteristics : 

(/) Calculation of efficiency of detection (0): 

The average potent ^difference V. across R will be given by 

Vo = Rl. 

Since this gives a negative bias to the anode of the valve, it 
should correspond to direct component V d of anode potential. 

Vd= — Rf 
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Fig. 14 Detectioo (dynamic) characteristics of a diode. 

P e ,u relalion , can be represented in figure 14 by drawing a load 
line for the resistance R. The different points of intersection with 

{&£? i ,°" characteristics give different values of V, or V, and e. 
From these values detection efficiency can be calculated since 

A 

e 

carrier ) amni'i t t nW, iS Ca " ed °f" a ' in 8 P oin ' of the detection for the 
concerned The average value of current T and 
voltage y 0 moves on either side of Q along the load line We can 

For i'fiLd C X nr‘!2“!l ,h r e dis !°f ,ion these characteristics. 
For a fixed value of depth of modulation, distortion decreases with 

the increase of carrier amplitude E c . 

Distortion in linear diode detector: 

tecJareT re3S0nS for ,he dis,or, ''on in linear diode de- 

tortinn WiJh??" f ,eCt '°? of ‘'“ e constant RC introduces dis¬ 
tortion. With a too low value of RC, radio frequency component 
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will not be eliminated fully from the output voltage and thus 
causing large fluctuations in the output waveform. On the other 
hand, if RC is too high, distortion results due to clipping during 
the negative peaks of the modulation wave. 

(//) Distortion also arises due to curvature of the tube charac¬ 
teristics. Due to this curvature, the efficiency of detection varies 
inaccordance with the amplitude of modulation envelope. This 
djstortion can be minimised if detection efficiency, p, is made 
sufficiently high for which 

(a) load resistance should be large as compared to plate 
resistance of diode, and 

(b) carrier voltage of large envelope amplitude should be 
applied. 

355. DIODE DETECTOR FOR AUTOMATIC VOLUME 
CONTROL: 

In order to minimise fading in receiving sets automatic volume 
control becomes necessary. In a.v.c., the gain of prc-amplifying 
stage is varied such as to give uniform response at the receiver 
output. 

Automatic volume control is secured by using the direct com¬ 
ponent of the output voltage of diode detector to control the gain 
of r.f. amplifiers. These amplifiers use variable n valves whose 
amplification decreases as their negative grid bias increases. 

From equation (13 a) of § 35*3-2 the direct component of 
potential difference across the load is given by 

V b =pE e . 

Thus V h totally depends 
upon the amplitude of carrier 
and lowers the gain, when 
applied to the grid of the 
amplifier, as carrier ampli¬ 
tude rises. 

Fig. 15 (a) shows the 
conventional a.v.c. circuit. 

The direct component V b is 
derived from detector’s out¬ 
put. Ri—C t acts as a low 
pass filter to separate the 
direct voltage component of 
the detector, V b from the a c. 

components. The a.v.c.voltage is developed across C 2 . The values 
of R t and C a are large so as to minimise any change on the charge 
of capacitor C, due to a.c. component. 

When incoming signal is weak, then due to the presence of 
a.v.c. voltage r.f. amplifiers operate with a very weak output at 
which the sensitivity of the receiver is insufficient and low. There- 


W* TRANSFORMED 0 £ SSqc 



F'g 15 («). Circuit for auiomaiic 
volume control. 
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fore it is rather better to use delayed a.v.c. circuit which acts only 
when the carrier wave has any amplitude above the delay level. 

Delayed AVC : Circuit is shown in fig. 15(6). A dudiode 
triode tube is used. When the diode D\ works, its output consists 
of modulation frequency component V x and rectified d.c. voltage 
V b . V x and V b are then applied to the control grid of triode r so 
that modulation frequency component is amplified and is available 
at the output, while the d.c. voltage makes the grid more negative, 
thereby, decreasing the d.c component of plate current of triode, 
i.e. decreasing the d.c. voltage across Rk . 



Fig 15. (6) Delayed AVC Circuit. 

With zero or small carrier input, d.c. component of plate 
current develops sufficient voltage across Rk to make cathode 
positive to ground by an amount depending upon the delay level. 
Since plate of diode D* is grounded, it would not operate so long 
as the cathode is positive with respect to ground. With the increase 
in carrier input voltage, negative bias increases so that d.c. com¬ 
ponent of plate current of triode decreases resulting in the decrease 
of d.c. voltage across Rk and hence cathode becomes less positive 
with respect to ground. The process continues till the carrier 
amplitude rises to the level set by delay bias at which cathode 
becomes negative and then diode D 2 conducts. This sets up the 
normal AVC action. Obviously AVC acts only when carrier ampli¬ 
tude rises to a definite level. 

A transistor AVC circuit: Refer to fig. 15(c). When the 
signal level increases, the emitter current increases and point X be¬ 
comes more negative. This provides AVC voltage. Combination 
RjC-x acts as filter to remove any modulation from the control 
voltage. This voltage is applied to the emitter of Q\ (or other 
RF or IF amplifier) through a resistor R i% in order to provide a 
suitable control current. If signal level reaching the detector 
tends to increase, the emitter current of Q % increases. This makes 
point X more negative and thus emitter of Q x would become more 
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Fig 15 (c). A transistor AVC circuit. 

negative. Since Q , is a PSP transistor, this action opposes.the 
forward bias so that its emitter current and the corresponding 
stage gain arc reduced, thus tending to maintain a constant le\el 

of the signal at the detector. ....... 

A diode AVC circuit and delayed AVC circuit : A diode dete¬ 
ctor circuit from where A PC voltage is taken is shown in fig. I5(,/I. 
A PC voltage is taken from diode load resistor, point 2, to ground. 
Rectified voltage at point 2. consists of a modulating signal vol¬ 
tage (/3 E, "I, sin «.„,r. see cq. 12 art 35 3-2) and a d.c component 
(BP ) R, C. filter circuit is used to remove modulating signal from 
APC Voltage. Capacitor C, has a low reactance (compared to R,) 
at modulating frequency so that it bypasses the modulating signal 



Fig. 15 ( (I ). Diode ddcclor stage of A.M. receiver from where 
AVC voltage is derived. 
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to ground, while blocks the d.c. component (££,). Thus only d.c. 
component voltage appears across R 3 and is available as AVC 
voltage to be applied to earlier stages. Note that function of C 3 
capacitor is to prevent this d.c. component from reaching the next 
only 6 aUd, ° freqUency am P ,ifier ) which needs modulating signal 

Addition of an AVC circuit has an adverse effect on the oper¬ 
ation of diode detector, because R 3 is effectively in parallel with £, 
reducing a.c. load resistance. This can cause amplitude distor¬ 
tion at high modulation levels. It is therefore significant to keep 
R 3 large compared to £, but too large a value will increase the 
time constant R 3 C 4 which will make AVC bias unable to respond 
to rapidly varying signal inputs. Generally R 3 C 4 is chosen in the 
range 0* 1 — 0*5 second. This effect of loading by AVC circuit can 
oe removed if AVC function is separated from the detector circuit, 
rig. 15(c) shows a separate AVC circuit. Suppose the cathode of 


+ i# - 


o-^f 

C, 


i 


D 



Togroortcf 
or c/e /ay 


AA/v\Aa 




t=K 


Pig. 15 (e). A separate AVC circuit. 

< scc dela y ed Al/ C action in which cathode is 

d^re,l ihln l P °r' VC ^' aS VOl,apC ab0VC which AVC action is 
tics red), then d.ode conducts during the first half of the positive 

2 ° Ik ' ln i PUt s, S naJ » and capacitor C, charges to peak rf 
value with polarity indicated. As the r.f. input signal decreases 

“sWouahTc ) Cha R SC lhrOUSh ,hC di0de bUt ,hr0Ugh ^ (and ' 

aiso tnrough R x C 2 ). Because time constant C, R , for £, Co) is 

ofC* ^n^nser^ 6 ^ on,y s,i « hl,y - Due the slight discharge 
■ n fu 1 : C fi ° p nd , e "^ r C * P ,cks “P a small charge with polarity as shown 
n be hg. 1 5(e). The whole action is repeated (acain diode will 
conduct at the positive half cycle of input r.f. signal caDacfior C 

MpacftorVf and' r ‘/> alU /* “ lhe /" diScharges 8' v ing more^harge to 
capacitor C„) and after few cycles, charge on C, is built up to full 

' pr °fj! CI "f. A V f bias ullage- Time constant R, C, P ,s quite 

flfm sin y 0 ", rf- „ r ' pples and modulating signal 
(0 E, nia sin w„t) do not cause fluctuation in AVC bias voltage 

tn delayed AVC is desired, cathode of diode is connected 

v^ P hS I 0 1386 corres P ond ' n 6 to delayed level overwhich 

we desired to operate. Suppose it is connected to +4V 

Then the diode Cannot conduct if the input r.f. signal level is less 
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than 4V at its peak. Meanwhile capacitor C* will discharge thr¬ 
ough Ri and R it the AVC bias drops to zero and thus at weak 
input signals AVC does not operate and receiver remains sensitive 
for such weak signals. But for signals having peak value above 
4V , AVC action starts as explained before. 

SOME SOLVED PROBLEMS 

Example 1. A diode detector circuit with an efficiency of 80% 
represents an effective load of 0 3 MQ across the input source oj 
modulated wave. Calculate the values of resistance and capacitance 
to be used with the diode for modulated signals having modulation 
frequencies upto 5 kc/s and a maximum depth of modulation oj w/ 0 - 
Given that 0=80%, 0 3 meg. ohm m a =0-8,/ <- =5 kc/s 

Load resistance R can be found from cq. (27) which is 

n * 

K,n 20 

or R-=R in 20=0-3xl 0 # x 2 x 0 8 

=0-4Xx 10° ohms. 

Value of the capacitor can be found from relation (18) art. 
35-3-2 which is, for maximum depth of modulation 

J_ m a 

w m CR ~ VO”'"- 1 ) 

„ VO-"'- 2 ) vo— 

or c = n i uWm R~ _ 0-8x2»rx5 x I0 3 X0 4SX 10 

= 49-75 pF .. , . 

Example 2. The components of an envelope diode detector are 

R=200KQ and C= 10(1 pF. Determine the r ft ' C etitageof 

modulation if diagonal clipping is to he avoided, t c. for no distortion 
for an audio frequency of 10 kc/s. 

Given; 200x MW. C=IOOx I0 _l - F, 

/,„= lOx 10 3 kc/s 

Maximum depth of modulation is given by 

J_ »'a _ 

Vd- m - :) 

i 

UNIX IO-” 


2™ y 10 * x 200 x ! t) 3 / 
|0 m„ 

4ir 


Ilia 

VO 


VO -m.r) 
or 257-75 m a *= 100 
or m a 2 =0387 

or w u % 062 . 

Example 3. In an ideal envelope detector the •***“*%* 
ductance of 2m A/V. The load is parallel combination of a rests 
and capacitor such that when a voltage 20 sunot is applied in the 



1508 


Hand Book of Electronics 


Input , the conduction begins at cot 60°. Find the value of the resis¬ 
tor and the d.c . voltage developed. 

Using eq. (9) art. 35*3-32, 


tan 6,-8,=^. 

we can find the value of load resistor R. We are given that trans¬ 
conductance of the tube is 2 mA/V. Therefore 

Further conduction begins at 60° and will stop at 120° so that 
angle of flow 

20, = 120—60=60° 

or 0,=3O°=O*523O in rad. 

The load resistance is then 


p 3*14x 500 
tan 30°—0*5230 
314x500 
- 0*5774-0-5230 
= 29*20 KQ. 

From fig.ll.it is obvious that diode starts conduction only 
when the input signal voltage is just equal to the d.c. voltage across 
the load. Therefore 

d.c. voltage developed across load = 20 sin 60° 

= 17*32 V. 

m F x n m c p,e 4 ‘ Tlte . input v °l ,a 8 e to on envelope diode detector is 
, (1 + 0-5 sin w m t) sin <o ( t volts. If conduction angle is 45 °, find 
a.c. ana a.c. output voltages. 

From equations (14a) and (146) art. 35'3-2, we find that d.c. 
output IS 


RE 

f (sin 0,-0, cos 0,) 

and a.c. output is 

?/ RE ( m a ( . A A 

F, = —— (sin 0,-0, cos 0,). 

" r d 

It is given that modulated input 

e=\0 (i +0*5 sin w„,/) sin w c t. 

so that 

E c = 10 volts and m a =0*5. 

In order to calculate—, we use eq. 2 art. 35*3-2 which is 
R 


r d tan 0,-0,’ 


Demodulation ( Detection ) 


1509 


with conduction angle £, = 4572=22 307 we get 
R _3M4_ 

r d “tan 22-5°-0'3927 

314 314 

= O-4142-0'3927“ 0215 
= 14605. 

Therefore d.c. output 
10x14605 


Vt>= 


(sin 22-5°-0-3927 cos 22'5°) 


3*14 

=465 3 (0 3827 -0 3927 x 0*9239) 

=465-3x00207 

«s9’3l volts. 

The a.c. output voltage is 


V .= — m a (sin d t -0 x cos 0,) 

* I’d 


V h m. 




= 9 31 xO'5=4-655 volts or| ^ 

Example 5 In a linear grid delector the range over which the 
grid Operate without undue distort,on is 5 volts. If the earner 
h modulated to a depth of 0 7. determine the greatest poss.ble peak 
value of the audio input voltage. 

This implies that if grid is biased -2-5 volts, then maximum 

a°£,” T*E refer 2 ch.p,., 34, rhm- 
fore, put 

£„..= 2'5 volts. 

£»..<— £»■'" 

Further 

„ , 2-5-£».. 

°’ 7 " 2 ‘ •'+£».. 

E„i«=0 , 44 volts. 

Therefore greatest possible peak value of the modulating volt- 
tage will be 


or 


or 


-MlMI 


2 

2-5-0-44 


= 1-03 volts. 


35-6. FREQUENCY DEMODULATION : 

For the detection of f.m. waves, the method generally used is 
first to convert frequency modulation to amplitude modulation 
which is then subjected to conventional methods of detection. 
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Circuits in which the instantaneous magnitude of output voltage 
varies inaccordance with the instantaneous frequency variation of 
the input voltage, will serve the above purpose. Such circuits are 
named as discriminator. 

35-7. DISCRIMINATOR : 

Vacuum tube circuit is shown in fig. 16 (a). 

Cc t.EC. 



Fig. 16 (a) Discriminator circuit for the detection of f.m. wave. 
Transistor discriminator circuit is shown in fig. 16. 



Fig. 16(6) Discriminator. 


Description of Components : C x — L u which constitutes the tank 
circuit of an amplifier stage, is tuned to the centre frequency of 
modulated wave. This tuned circuit is coupled to another tank 
circuit Ql* tuned to the same centre frequency. The centre tap of 
Li and the top of the tuned circuit £,Cj are kept at the same radio 
frequency potential with respect to the ground by means of a coup¬ 
ling condenser C c . 

Condenser C A and C B of output circuit are sufficiently large so 
as to keep the cathodes of both diodes at the same r.f. ground 
potential. Resistances R A and R B are of equal value. The polarity 
of voltage across them is shown in fig. 16 (a). 
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Operation : When r f. voltage is induced in L,C, circuit then 
the developed voltage E, across tank circuit will be applied to the 
plates of the diodes A and B. A rectified current from both diodes 
will flow in their respective output circuits. Three cases may aris . 

(a) when the r.f. voltages Ea and £. at the plates of tubes 
and B with respect to ground are equal, the rectified current from 
both diodes will be of equal value. Therefore, the direct voliages 
l °‘ f :n Anf * R will be equal The polarity of voltages across 

if Ea > Ea. then voltage across Ra will be greater than 
that across and an output voltage, positive with respect to 
ground, will be obtained. 

(c) when Ea<F.s. the magnitude of voltage across R. exceeds 
that across R A and a negative output voltage will result. 

Thus if relative magnitudes of Ea and L„ be made to depend 

quency variations of input signal. 

We shall discuss below the three cases in detail : 

Case (a) When input has only centre frequency (i e., no motlu - 

to/ion). arc , uncd io centre frequency. The 

ohase relations' in voltages and currents in the two circuit compo- 
S5n!s at the resonant frequency will be as shown ,n vector dia- 

8ram w'i!h voltage E, in C,L, circuit, the current in inductance 
/ U, \ will lae i\ by 90°. The induced voltage in C : L t , 

T V°° ZcS 

//byVf^Thus/^ voltage across terminals of circuit C,L 2 leads 

Ei, the voltage across circuit C,L ,. tiy vu . 



Fig 17 (/)• Phase relation in discrimi- Fig. 17 (//). Representation of relative 
nator circuit for case (a). magnitudes E A and 

It can be seen from fig. 17 (//) that r.f. voltages E A and E u 
across the two tubes will be made up of two components : 
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Ea=E 1 +§■ 

and E„=E l + 

Since E 4 and £5 are equal in magnitude, the output rectified 
currents from both tubes will be the same which setup equal 
potentials across R A and R B . Therefore, the discriminator output 
will be zero. 

Case (b): When impressed frequency is greater than centre 
frequency of modulated wave. 

Above resonance, the secondary circuit represents an inductive 
reactance, so that / 2 lags The voltage £ 2 across the 

capacitor C 2 still lags / 2 by 90°, but the phase angle between £ 2 
and £, is now less than 90° as shown in fig. 18 (/). 



Fig. 18 . Discriminator phase relations when impressed frequency is 
greater than centre frequency. 

It is obvious from fig. 18. (//) that E A >E B which means that 
the rectified current by the two tubes will be different and so the 
voltages across R A and R 0t being different in magnitude, will deve¬ 
lop a resultant positive voltage at this discriminator output. 

Si nce the phase angle between £, and £ a depends upon the 
deviation of the impressed frequency from the resonant frequency 
of the tuned circuits the magnitudes of E A and E„ will also varj 
inaccordance with the deviation. The output voltage which depends 
upon the relative magnitudes of E A and E B will also follow the 
deviation of the impressed frequency from the centre frequency or 
in other words the output of discriminator will vary at audio fre- 
quency rate. 

Case (c) : men impressed frequency is less than the centre 
frequency of modulated wave : 


In this case, the secondary circuit represents a capacitive 
reactance. Current / 2 will lead -JcoMIl, by an angle depending 
upon the deviation of impressed frequency from centre frequency 
of modulated wave. Therefore the angle between £ 2 and £, will be 
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where 

Similarly, 


=*i [i+jQi (i+5)-yei (l+a)- 1 ] 
—^1 [ 1 +jQi-28] t 

1 


n W <A 




...(4) 

...(5) 


where 


R *+j ( (1 +j.Q t 2S) 

O 0 L 2 


Qz 


1 


/?t w % C t R% 
Hence equations (I) and (2) become 

h 




w c Cj 


...(6) 


and R 2 (l + y.25 ... {7) 

wr r0m ec l uat, °ns (6) and (7), the expression for A can be 
wrmcn as 

1 

-J 


•. *z 0+7.25.0,) 


/, = * W qC\ 

1 *x*> (l+/2«.^iHl+y.25.e 2 )4-( Wo Af)* 7 ' 

Dividing numerator and denominator by /? x /? 2 , we get 

. - J ZZr.< 1+ J- 2 * g») 




<U„ 2 iW J 7 ' 




where 


w 0 2 /V/ 2 


(i+/ 2 s.e 1 )(i+/ 2 s.e l )+ 

-y g. ([+/ 2 a.Q,) 

(i+y.28.e,)(i +y.28.e ! )+/:^ 1 0 2 


// 


...( 8 ) 


R,R 2 K 'Q'Q*’ k be| ng the coupling coefficient. 
Now we also write from figure that 

E,= j dk (W,) 

But from equation (8), we can infer that /, > /, so that 

A 


_ ill L_ = _ 7 .*.gi 

JojqCi j^oRiCi 7 


£ j= _f I__ __ 


_g.- (i+y. 28 .o,) 

(I +y.2S.e,)(l +7.28.y s )+^2 1 g,- ■Ki 7 ' -(9) 

Assuming the mutual inductance M to he email 
from sooood.r, i„,o , he p,"“ '" ■£?£ 

so that W-f‘ - 

Ki~rjo)Li 
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If Q of the primary is high, then wL, P Ri, due to which 
r li- 

The e.m.f. induced in the secondary is given by 

Eind= ± juMll= El 

If we neglect the loading effects of the diode rectifiers, then 


Ez= 


— 
we* 


wC t U 1 


- -7- r\ =± Ri (1 +/2S.0O 

«>+-'( UcJ 

£i ^ZC t K J (A 

or £, - /i, (i+y-zs.e,) 

because = giving £= We/W- Choosi " E nCEi “ iVe 
sign (because £, and £« are 180“ in phase opposition) and taking 

e*=^k- we8Ct 

E. jQt-Ky/U-jILiL 

^- = -'(l+>.2 S.Q-.) 

Putting the value off, from equation (9), we gel 

I/LA K.QtQr Rtli 

El=j J\tJv +;-2S.e,) (l +j.2i.Q-.)+K-QiQ* 

•••V *''/ 




A' 0 * 


Hence 


(TWW R, ‘" 

£._, l[h\ KQ ■ ...( 12 ) 

nt "“ E x 1 J Ui/ 1 +/2S.0 
The discriminator is assumed to be driven by a pentode which 
. nirrent device (C,/., tank circuit is a load lor pentode 


The discriminator is assumed to be driven oy a pemoue wmen 
is a constant current device (C,/., tank circuit is a load lor pentode 
and in a pentode after suitable plate voltage, plate current becomes 
constant and hence /, is constant). Thus I, being assumed as cons¬ 
tant we can easily infer that £, vanes with 8, i.e. IractionalI devi¬ 
ation of operating frequency from centre trequency As £ a is a 
function of £„ output would thus surely follow the frequency 
variation of input voltage. 
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Further from discussion of discriminator function, we find that 
voltages applied to the plate of diodes A and B are respectively : 


and 


E a =^+E„ 


l-o Le ,‘, j Ut . pUt . vol, ®8 e developed across R A and R B be E\ and 
t b • It detection efficiency by 17 , then 

£% £•. 


so that 
and 

or 


E a ~ E b 
E° a=tjE a 
E°B=‘nE B 


E 0 A-rjEA-ri £,+^1=,^, | 14-L^I 




** M 


KQ 


1 +J2S.O. 


and 


&°* = V E B =i) I £,— — =a^Ei |l-}.g[ 

y© A 


Therefore output of the discriminator will be 

Putting the value of E x from equation (II), we get 

**-’*■" it 

-1y© wSfD -< i3 > 

Which is the desired expression for the discriminator output. 

in fi mi re 21 'anH i?™i| ,n j , !!? , “ e ° US '^pressed frequency is shown 

noted k?har d Jn^ ed d '5, crimi J nat <>r characteristic. Point to be 
noted is that capacitors C A and C B are large enough so as to 

?/nTl Carr H er , f reqU ? nCy volla 8 e - They offer appreciable rea ° 

at slTn d dC tl 0 , a e^ e n e n 7 /« nd the ^ fore - vo '“« e developed 
across C 4 and C Bt i.e. l A and E B are audio frequency voltages. 

. n ^ ,s f cr,mmator characteristic : A relation between impressed 
shown fn e fig? 2 C i y ° U ' PUt V °“ a8e in discrimina tor circuit is 
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Fig. 21. Relation between impressed frequency and output voltage. 

We see from the curve that for not more than J/frequency 

deviation, detection is linear, f, denotes the centre frequency of 

modulated wave. , . , 

Disadvantages : We sec from vector relations that the output 

of discriminator circuit is a function of input voltage amplitude 
and frequency variations. When the applied signal consists of a 
frequency modulated wave that also varies in amplitude, the de¬ 
tector output will contain undesired components corresponding 
to the amplitude variations as well as the output representing the 
frequency modulation. Thus interference is produced. To avoid 
this difficulty, limiter is used previous to discriminator stage to 
deliver it a constant amplitude input. 

The action of the limiter is to ensure that all variations in the 
carrier amplitude of modulated wave due to noise and interference 
arc removed and a constant carrier amplitude is applied to the 

discriminator input. ....... 

Circuit for limiter is shown in lig. l- (a). 



Fig. 22 ( a ). Limilcr circuil. 
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OUTPUT CO*fi£NI 



Operation : A sharp cut- ^ K 

off tube is used. Plate and jjji$ 

screen potentials are kept low 
such that the tube saturates 
easily and cut off is produced. f 

Signal is limited on both / _ 

positive and negative peaks. / 

At positive swing effects of y _ 

current flow in the grid cir¬ 
cuit limit the amplitude while 
at negative swing, amplitude 
is limited due to plate current 
cut-off as shown in fig. 22 (b). 

For limiter action it is 
necessary that input signal 
must be sufficient to produce Plate comea/t 

the desired over-loading «*«***■'» 
effect. It is, therefore, impor- Fig. 22(6). Operational Characteristics 
tant that in frequency modu- of Limiter, 

lated receiver the preceding stages e.g. t radio frequency amplifier, 
must produce sufficient output voltage to make the limiter 
operative. * 

It can be seen from the characteristic that if input signal 
amplitude increases beyond cut-off, it merely increases the flat 
P 0 ”.' 0 " 1 " ° u ‘P ut wave. Thus by limiter action a constant 
carrier amplitude of modulated wave is delivered to discriminator. 

ennoKi» CO r lbi . na r IOn of lllDller and discriminator device, thus, is 

b , 0 Sa " Sfa r:, y d ' ,ec " on of frequency modulated wave. In 
2 f t x *?£' ’ shall describe another device self sufficient for 

. , wltho “ t requiring limiter. The device is 

deTector d ' fied form of dlscr 'minator circuit named as ratio 

An emitter coupled limiter circuit is shown in fig. 23 (a) and 



Fig. 23 (a). Emiltcr coupled limiter. Fig. 23 (6). Transfer characteristic 

of emitter coupled limiter. 
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its transfer characteristic is shown in fig. 23 ( b ). It ensures that 
all variations in carrier amplitude are removed and a constant 
carrier amplitude is delivered to discriminator input. 

35 9. RATIO DETECTOR : 

Ratio detector serves as an f m. detector that responds only to 
the input frequency variations because its output depends upon 
the ratio of the voltages across the diodes rather than difference 
between them and hence the name. 

A phase shift discriminator detector responds to the amplitude 
variation of the input signal which is not desirable. As a result, a 
limiter circuit is always associated with discriminator detector as 
its driving stage. The ratio detector is a modification of the 
discriminator which can be designed as to be unresponsive to 
amplitude modulation while behaving in the same way as the 
discriminator. 

In discriminator, output is £°= 

E a °-E d 0 . Suppose at centre frequ¬ 
ency, signal input to the discrimi 
nator develops E a > =Eb*= s * v °lt$, 
say. When frequency modulated wave 
is input to the discriminator, E A ° wiH 
not be equal to E n ° ; instead, if £/ 
increases by certain amount then £«° 
will decrease by the same amount. 

Say £/=6 volts then £ fi °=2 volts. Fig. 24 (a). 

The output will be £°=6—2=4 volts. 

Now suppose we increase strength of carrier (r.f.) (which will 
happen if the amplitude modulation is also present) until we have 
E a °=Eu°=K volts at the centre frequency. With the same fre¬ 
quency shifts as above, but with this stronger carrier, the voltage 
E a ° would rise to 12 volts and Ed decreases to 4 volts. 1 he out¬ 
put, in this case, will be 

E°= 12—4 
=8 volts. 

It means, with same frequency shift, output of the discriminator 
in the two cases is different. It implies that th.s circuit responds 
to amplitude variations. We have observed in previous case that 
E A °+Eg°=S volts, in second case Ea + Eb '= 16 volts, which is 
possible in this circuit because there is no provision to keep 
E A °+E B ° as constant—the only condition is that E a should increase 
by the same amount by which E B decreases. 

However wc note that in both the cases the ratio of the volt¬ 
ages Ea" and E B °, that is 

£/_ 6 12 

Eb° 2 ~ 4 
Ea° : Eb=1 : I 



or 
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is the same. So if a detector could be made to respond only to 
this ratio and not to the respective magnitudes, then it would be 
insensitive to amplitude variations The ratio detector is such a 
circuit which responds only to this ratio and consequently, is 
unresponsive to carrier changes. 

Preliminary requirement of the Ratio Detector : We have 
mentioned above in the two cases that E A +E B ° is different. Had 
it been possible to keep E a °+Eb° constant ( = 8 volts) in both the 
cases, effect of amplitude modulation would have been eliminated 
leaving only the effect of frequency shift (frequency modulated 
wave) at the output. Therefore, in ratio detector circuit, one of 
the diodes is reversed in polarity so that total voltage across Ra 
and R d will be ( E A °+E B °) instead of (E a °—Eb°) and then this 
voltage is kept constant with the help of large capacitor C (=8 nf) 
and a resistor R combination. The function of such a CR circuit 
will be detailed later on. First we shall explain the function by 
taking a battery Em instead of CR combination. 

Preliminary Form of Ratio Detector : A preliminary circuit is 
shown in lig. 24 (/;). In this circuit polarity of diode T A is reversed. 
Therefore, total voltage across R A and R B will be (£/+£fl°). 





Fig. 24 (/>). Preliminary form of ratio detector. 

Since C A and C D are in scries directlv across E bbt the sum of 
their voltages must equal Em,. That is E A 3 + E B y =E hb . Also, due 
to the manner in which battery is connected to T A and 7*. no 
current can flow around the circuit until a signal is applied. Now 
while E a °-\-Lb can never exceed E bb , £Y does not have to equal 
E b \ In other words, ratio of E A ° to £*° may vary. The output 
is obtained across R B and ground. 

When incoming signal is at centre frequency, £/=£/. 
When incoming signal has frequency greater or lower than centre 
frequency, then due to frequency shift, discriminator action starts 
and E a °^Ed°, but Ea° + E b is still equal to E bb . Carrier frequency 
voltage is grounded (due to the large values of C A and C B which 
offer reactance at audio frequency) and audio variations are 
obtained across R B . Capacitor C* prevents the rectified d.c. voltage 
in the detector circuit from reaching the grid of audio amplifier. 


Demodulation ( Detection) 


1521 


The purpose of Eu in (his preliminary circuit is lo maintain 
audio output voltage which is purely a result of^frequency mod - 

lated sicnal E,.,. keeps the total voltage (E A +E D ) constant, 

Se it permits'the ratm of £,°<o £/to vary.This cond^on 
as we have already stated, eliminates the effect of all amplitude 

variateions. . __ _ . . 

But selection of the value of Eu is difficult. HE* is cho en 
high weak signals will be lost; on the other hand f £«.s ■chosen 
quite low, only small audio output voltages are obtamab^ Th, 
difficulty is overcome on icplacing Eu by a high time consta 
circuit, RC, in practical ratio detector circuits. 



E 4 =E,+E,I2 
£»=£.-£:/2 

Pig. 24 (r) Circuit of a ratio detector. 

Practical Circuit : The circuit of ratio detector is shown in 
fig. 24 (c). There arc two major changes as compared to discri¬ 
minator circuit. 

(/) diode T n has been reversed in polarity so that output 
across /?., and R„ will now E =/:/• / V- 

/ :j\ the output voltage is obtained between points P and Q. 
O is the centre lap on the high resistance R that shunts the load 
impedance of the two diodes. The time constant, CR , is large 
enough—of the order of 0 2 sec. 

Operation : Since diode 7# has been reversed in polarity, 
current can now flow in the overall circuit-from bottom ol l 2 
through To through long time constant circuit, RC, through l A 
and back to the top of U After several cycles of radio frequency. 
C charges approximately to peak value of voltage across /... 
Amplitude variations due to noise or other interference cause very 
little cfleet on the charge of capacitor C and voltage across RC 
circuit remains constant.* This means voltage across C A and C u 
or Ra and R u will remain constant i>. /:/ and will be cons- 

•If receiver is tuned lo some other station of higher (or lower) signal level 
then after a number of r.f. cycles the time constant circuit RC will gradually 
charge (or discharge) to the new voltage level. Note that due to tuning of new 
station, r.f. frequency will change. 
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tant. Thus RC circuit serves the purpose of E bb . The changes in 
carrier amplitude are merely absorbed by the capacitor. 



•-' »- r --- uibUd. 

Al centre frequency, say £/=£ fl °=6 volts. At frequency 

r o d , s i gnal - sa y £b°=10 volts, then £/=2 volts (since 
Ea +E B = 12 is constant). 

or ,a vo,ta ? c P oint P compared to point N t is then 4-1 OK 
p0ml Q ' com P arc d to point N t is +f> volts. Thus 

ouiput will be 

(+10)—( + 6)= + 4 volts. 

Output voltage : Output voltage in this case will be 


= E„° 


E 4 °+Eb° 


diSc C riJ | S n C a"? , cL h ui l , f . ,hC magni ' Ude ° f ' hC ° U,pU ' ob,ained in ,he 

additVo 0 ni| ,h flr C ! r i CHi, -. iS ““^P 0 ™ 46 ,0 amplitude modulation : The 

ora e 5rn, f? mpl0yed a,,he 0 UI P U ' terminals helps to 
remove these amplitude variations appearing at the outnut The 

SffTriS 1 SUflidem,y ,arge ‘ be SSfes sec) 
freauenev haV t 3 reac,ance at the lowest modulation 

£ in parallel wifhTandf Sma " C ° mpared Wi ‘ h ,he rCSiS ' anCe 

the vSroe 0 ^S i » S iV° dUC r^ greallythe am P |itu dc fluctuations in 

momen tarilv =£) a PP earl "g across R. Suppose £ 

momentarily increases in amplitude ; then it will cause a laree 

charging current to flow through the di^de into C Th“ represenfs 

o ca P u 0 s W es r ,he v°otee^h ,h , e u‘° dcS from ,he r «onant circuits and 
redlfcedln ma.n ^ heSe circui,s a PP*y ‘o the diodes to be 
[np Sivnal d °' ConvC4Sel >’> if amplitude of the incom- 

"l Slg " al a ‘ le ™P‘ s momentarily to drop below the average ampli¬ 
tude then C attempts to prevent the voltage £° from drotpingby 
supplying current that flows from C to R R, andT, This 
relieves the diode tubes of the necessity of supp.yfng is much 

CUrre ? 3S , bef ? re ’ ,hereb y increasing their input impedance 
and reducing the loading on the resonant circuits with corres¬ 
ponding increase in the voltages they apply to the diodes. Thus 



\ 
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presence of C reduces the ampli- 
tude variations that would other¬ 
wise occur in the voltage t 
and likewise in the voltages L x 
and E t . 

A vector diagram is drawn in 
the figure 25, which shows the in¬ 
variance of voltage (Ea-Eb), in¬ 
difference of voltages input to 
diodes A and B, with amplitude 
variations. Vectors and E* rcier 

to the case when no a m pi i t u 2 S. Vector diagram, 

modulation is P res « nt -^ ,s " ' ■ { Thc do „ e d vectors illustrate 

in phase * by secondary LA arcmL in ^ jncoming wavc is 

what happens when the.a P . d ining (hc samc frequency 
momentarily increased, . c • an d Et arc now longer 

deviation. The correspondjng d ced by the same frequency 

snSc?; i-s u it -«“"■ i ■’ 

difference (Ea—Eb)- 

35 10 QUADRATURE DETECTOR 

Apar, from «hc « 

e p ;s:« srri eft r,;.«**-*>»■»* 

lating voltage. 

Let us consider a network shown in 
fig. 26. 

Let current n 

itsi 9 sin wt • 

nows .h-oufli.; 

tage across capacitor ( win ufc 

by w/2 so that 

sin (<-'-"/2).=-^ s c T l h / roup i. e 

and if thc resonant circuit has . 
and ii through R and L, then 

i=iL +*■ •• dtfcX) 

/TfM " 1 i/y-C ' 






jtoCr 

jo, lCiK*+utL*)-L) 

* FivF 


-I- f/f cos*+/rf sin 
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current * S * phase d| ff erenc e. </>, between voltage, v, and 

Let us represent then 

v=V sin(u>t—<}>) 

where from eq. (3), 

Ian 

and e= Crt l (Refer 10 art - 2 ' 8 )- Also from art 


where 0=^, 
2-7, we have 


giving 


Q=A 


•• (4) 


tan 

But from art. 3*5.^eq. (7), we have, &f=K r EJ2n so that 
,a " ^ = 15r/i' == "^" * y " * modulating voltage ...(5) 
circuit are boohed ” r aCro “ ca P acl 'or and * across tank 

Vq Vg.V 

CC cos <ot sin 
x [sin (2«/+«+sin *] 

If a low pass filter is 
used to reject the double 
frequency component 
sin (2a>/-f-^) then 

v 0 cc sin <f> cc tan J> (as 
<t ,s small) p. _ . 

or v cc v r, 8- (bi A quadrature detector. 

Thus output is proportional to the modulatine voltape Note that 

/ > /o. total relative phase > 90 ° 

/</•. relative phase < 90 ° 
network! "° # de,Cribe 8 ' ranSis,or «!“««»»»« detector using this 


r~ 

- 

re* 

v c 

□ 
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Therefore at /„, it will not P r °duce any p i above so that 

or/ < /. it will produce a pha e shift, * as descrio 
when / > total relative phase shift, 0> vu an 

total relative phase shift, 0 < 90 (fig. 2 ). 



Fig. 26(0. 


■ I*. . 

,. , f v : pn ,i should be such as to derive 

The amplitude of inpuif.m.gn. w Biassjng is also 

0 i and (?, into saturation a * |wo lran sisiors are grounded 
set accordingly. Emitter average current /*, across 

through a common resistor anJ ^ Thc duration for 

depends upon the ^" duc “" |0 “. lher depend on the relative 
which thc two transistors t " n h ° rcU ,jve phase between two inputs 
phase between two inpu . ; ion P t in , m . signal. Thus 


«- 

1. 

• t 

• see 

V| * f 

AA 


/XV 


IX A— 


/ A \ 



-V 4 

| top 


W \i 




Fig 26 (J) 


■ L“ J L 

H , 4 H— f >—•( 

r 3 < T t < T\ an<J h< It < h 

l-lVccl of frequency deviations on the average output 
curienlin a transistor quadrature detector. Cuioir 
bias for Q x and Q t has been assumed as «ro. 




1526 


Hand Book of Electronics 


average current across R 2 or output voltage across R 3 follows 
audio modulation. Refer to fig. 26 (d) to see how average current 
through R 3 varies when/>/ 0 ,/=/ 0 and/</ 0 . 

EXERCISES AND PROBLEMS 

1. Explain the action of a linear diode detector in the reception of an 
amplitude modulated wave. How would you obtain the dynamic chara¬ 
cteristics of a diode detector ? Wbat information can be obtained from 
them ? Draw the conventional circuit of a diode detector with A V C. 

2. Explain the square law aod linear methods of detection, giving circuit 
diagrams. State their relative disadvantages and advantages. 

3. A diode detector is used to detect the amplitude modulated signal. Find 
an expression for the time constant of the anode load for which there 
will be faithful reproduction. 

4. Describe the action of the Foster Seeley discriminator circuit for the 
following signal conditions: 

(") Centre frequency signals. 

(t>) Signals above the centre frequency. 

(r) Signals below the centre frequency. 

5. Describe the principle of operation of the ratio detector. 

In an envelope detector circuit, with R=250 kilohms and C»260 pf plot 
as a function of modulation frequency, the highest value of modulation 
index that can be emplojcd without introduction of distortion due to 
inability to follow the modulation envelope. 

6. A carrier voltage of 13 volts r. ra. s. is applied to the linear diode circuit. 

1 he load R is 250,000 ohms and the average current over a carrier freque¬ 
ncy cycle is 30fi amp. 

(а) Find the efficiency of detection. 

(б) Find the voltage available for A. V. C. use 

7. Tick the correct answer: 

In a ratio detector- 

(i) the linearity is worse than in a phase discriminator, 

('') stabilization against signal strength variation is provided, 

(///) the output is twice that obtainable from a similar phase discri¬ 
minator, 

(/V) the circuit is the same as in uscriminaior except that the diodes 
are reversed. (Ans. /) 
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broadcast TRANSMITTING CIRCUITS 


. Hkruss various parts of a transmitting 
In this chapter wei sha largcly depends upon the fre- 
circuit. The design o ^tad'O <■ ,j IO ns of radio transmission, 
quency to be used. In' a wide range. A classification 

the carrier fcequcncics util below : 

of radio waves into frequency gro f 

Tab,c l : CLASSIFICATION OF RADIO KANTS 


Abbreviation clasS 


Wavelength range 


VLF 

LF 

MF 

HF 

VHP 

UHF 

SHI 


Vciy low 

frequency 

Low freq. 

Medium 

frequency 

High freq. 

Very high 
frequency 

Ultra high 
frequency 

Super high 
frequency 


10-30 kc/s 

30— 300 kc/s 
300- 3,000 kc/s. 

3-30 mc/s 
30-300 mc/s 

>00—3000 mc/s. 


300.000- 10.000 
metres 

10,000 -1 000 m . 

1.000- 100 metres 

100-10 metres 
10—1 metres 

100-10 cm 


3 (WO—30.000 mc/s. 10- I cm 


c , ininfcrcncc tree reception in a given area it is necessary 
. . F u° ' should bc no sideband overlapping in the transmitted 
that there shoulU overlapping, transmitting sources that 

in ' Cl Souslv cover the same arci must use quite different earner 
simultaneously ■ TaWe .2 shows the radio frequency 

hand^widthscovered by different types of signals and the earner 
frequencies at which the signals are commonly transmuted. 

According to use, for the transmission of information, there 
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Table 2.R.F. TRANSMISSION BAND WIDTHS AND COMMON 
CARRIER FREQUENCIES OF DIFFERENT SIGNALS. 


Signal Type 


Telegraphy signals 
Telephony signals 
Telephony signals 
Fascimilc signals 
Television signals 
Radar signals 


Radio frequency 
transmission band 
width 



Typical carrier frequency 


18 kc/s.-30 mc/s. 

500 kc/s-30 mc/s 
88 mc/s -108 mc/s. 
500 kc/s-30 mc/s. 

54 rac/s-216 mc/s. 

200 rac/s-30,000 mc/s. 


i nc 
phon 
ipmc 
ing s 

led o ... 

c. 

We shall discuss only radio telephone transmitter A Iran, 

ntitt^Ksrdtf: f ,,^f ,ion ’ — 

M) Amplitude modulated transmitter. 

L( frequency modulated transmitter, 

(C) Phase-modulated transmitter. 

‘ yPC ° f ' ransmi,,er is "« Practical importance. 

SS,r CV Requirements of a radio 

earrie/fVe'quency arebehig^described^as u^2er': tler re8ardi " 8 lhe 

specified valuT" To 2“'?^ transmlt'tm , mus ' ren,ain s * able al «>e 
frequency is assigned for oncrTt n 8 * tal ! on - s P'c<fied carrier 
interference with signals of P other tr'ancm »° US y ' 10 av01 ,? the 
carrier frequency should remain stable For th" 8 slall0ns a,loted 
oscillator is used to generate the sub harm™ P oE° Se maSle J 
carrier frequency; the stage of harmonic a ene?awrst thenemoTo 
yed to achteve that final value of the carrier frequency. 
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(2» Carrier frequency should be readily adjustable : In radio- 

transmitters employing crystal controlled 

frequency can not readily be adjusted because th.s uould require a 

change of crystal and hence a subsequent change in the tunmg o 

frequency transmitters. ^siiamr then 

3MSf35Sr« SS^-a,i- *“ 10 

tUre erc.ec,rode «a^ »f .he used also varies 

with temperature. ^JSStl^thc MciUmtor current should be 
to the variation in tube capacity, ros(a ij c energy stored in 

arranged such .ha, .hc amou of » thc total 

interclectrodc capacitances be ' y, cjrcujl . This requires a 
electrostatic energy stored in ‘ . j( q p or (hc rcso . 

low resonant frequency value osc tlIator produce low carrier 
nant frequency to be low. m of |, arm0 nic generators is 

rail U d n , C o y ,hc h fin h arvaluc or earner frequency that is assigned to the 

"tSrs s&t-MLSst 

effect, a bufTer or isolating a P P s|a „ c j s operated as low 

by Si .»«• ~ *“ *«'■” ” ■ ho ”; 

y • , „.,ris * There are two channels in A.M. Trans- 

Descnption of parts . i 

m U m H F Channel: The radio frequency channel of the trans¬ 
mitter inducc^h^ wherein the carrier waves generated, 

amplified and modulated. . 

. /iefiii/iinr • Figure 2 shows the circuit ol a 
M *nntrolled master oscillator. Thc temperature of the crystal 

^^s^***™-***' ° ,c "' Tht 
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AM7EM/A 



Fig. I. Block diagram of A.M. Transmitter. 

variable capacitor in the grid circuit is used for minor adjustment 
in the operating frequency. The variable plate capacitor is adjusted 
to a value corresponding to cross point on the sloped portion of 
plate current-capacitance curve [fig. 2 (6)] which gives a stable plate 





^X<PLAT£ 

l . J MSr£R 


Fig 2. (a) Circuit of crystal-controlled (ft) Tuning curve 

master oscillator. 

pl< ?, Uing this curvc - ,he P' a,e current is measured 
oL P e ct?rren Tr, m ^' amm u ,er wlth ,he variation of capacitor in 

oscillations siaTt P ' he CUrVe S,gnifies ,he P osi,ion where ,he 

• ^ cr Bu / er Qnd Interme diate Power Amplifier Stave* • Low 

sfra?',™ihSsa”f jz 

tetrode The tnLl'h' S a ? es ' Thls amplifier usually employs a 
sou^ nn T H K fhe it i Cd a PP ro . x; mately to cut off by a fixed bias 
““ a " d , llle amplitude of the sinusoidal input voltage is adjusted 

the'foad nn°. e h D °‘ lh ' b ' as v °Kage. Under thefe conditions, 

he In he Hne h h may . be ke P l essentially constant because 

the tube does not draw any grid current. 
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Buffer amplifier is followed designed to give 

fier which operates as£ cass^C ^ 

^ThedSil of buffer amplifier a.ongwith intermediate 

power amplifier is shown in fig- 3. 

F SV&KtSSOA' 

I 1- 


PAPAS ATtC 
SUPfifSSSO* 

'Hhr v: '"’ 



70 ?#E 

ESSS** 

WPLlF'E* 


6*S / 
V0L7ME 


JUiFPEP »•***' rw-- 

_. , Bu . re( Amplifier and In.ermedia.c Power Amplifier. 

Fis.3. Circuit of BuHmap ^ suppressed by inserting 

Undcsircd or P aras !£S ,hc grid of each tube which serves 
a small resistance in senes.will M oscl || atory circuit termed by 

as a damping arid cathode leak inductance, 

the grid cathode capac - which arc rich in the 

(<-) Frequency usc d as frequency multipliers. All 

generation ol . har ®S- f “ rs Possess this characteristic due to the non- 
the single tube amplify . P , curvc when ihe signal e.m.fs. 

linearity existing ,n j£“ fore one or more intermediate ampli- 
arc applied in the g id- T wj|| ac| as a frequency multiplier. 

her employed in of frequency multipliers depend- 

Thcrc arctwo d'stinct ypcs ijkeJ q |aee in ,he plate circuit or 
i „i» upon whether the distort! ' ' plate distortion har- 

!" >he gnd circuit. S --^gnd portion harmonic 

monic generator 

generator. amplifier, wc note that plate current 

In the operation ofc •' c frequency of the sinusoidal input 
contains several harmom^ 0 ^ r r ent J sustained in the plate 
voltage. Thus an O ' ol '“ ,0 7 on ding to which the circuit is tuned. 
Thus the output'wifi be at o’ frequency equal to multiple ol the 
input voltage frequency. , Thc (ola | power delivered to 

id) ^ifdcicrmincd^by the final stage ol R.l : . channel, rite 
^;?noC ifi"opcra,esa, highest power level to increase 
fma! power_ f’ h( , t[an s mlt ting system, 

the power ouipu v0 , taRe js applied to thc final r.f. stage, then 
lf l no m £ /5 Level Modulation as shown in block diagram 
" a Tmndulat ,pr voltage is applied to preceding stage (at which 
Swffn U iPsaid to be tow Level Module,ton. 
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The advantage of high level modulation is that the final st 
can Sc 6 Sed 3 

an5p,ifier is drawn in a - f - chaDnei 

si S na ( Und A a m F pSsT' : ™ S sec,ion generates,be modulating 
(a) Microphone: It converts sound energy into electrical 

ZSi ro|,tae - 

pentode y£?, “ j, "» «*» k us.all, . 

o7tj;;rr„d T ^Eu^ 



Ft, A Audio power ..p.Se, .„d 

(3) Circuits for Improving Transmitter Performance ■ 

fori 1 ”” d ,» <■!— '.he pet- 
•nd introduced in opposite pEJ to Se““£? “ tP “ 

..put of modulating ampHo, ,, lho „ b,°SSV,?L'Se'5S 
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diagram. This process of negative feed-back avoids the amplitude, 
frequency and phase distortion which may otherwise occur due to 
preceding stages of amplifiers in R.F. channel. 

(/'/') In order to minimise the possibility ol over modulation, 
limiting amplifier may be included in A.F. channel which automa¬ 
tically reduces the channel gain when the signal amplitude be¬ 
comes excessive. 

(/•//) Volume compressors are used to raise the average degree 
of modulation. 

(4) Transmitter Power Supply. Radio transmitters are classi¬ 
fied in regard to operating power as follows : 

(a) Direct current operated. The transmitter employs direct 
current throughout filament, bias and plate supply. 

(/;) Alternating current operated. In this operation, the 
filament supply is an alternating current, while plate and grid bias 
voltages arc supplied by means ol rectifier. 

A d.e. voltage power supply lor transmitters may be obtained 
from electromechanical d.c. generators, and high vacuum tube 
rectifiers. 

(5) Transmitter Monitoring Equipment. Various meters arc 
inserted in the system to check up necessary details and operations 
such as plate and grid current meters, field strength meters to 
determine radiation pattern of the antenna system and modulation 
monitors to check up the degree of modulation. 

36-3. FREQUENCY MODULATED TRANSMIT IER : 

Frequency modulated transmitter* are widely used at frequen¬ 
cies above 40 mo/s for radio relay system and other purposes. 

F.M. Transmitters for very high and ultra high frequency bands : 

Generally two types of f.m. transmitters are used : 

(a) F.M. Transmitter employing phase modulation. 

(/>) F.M. Transmitter using reactance tube. 

We shall discuss first the common features of both the types 
as follows: 

(/) | n both cases, modulation is performed at low power 
level. The required transmitter power and frequency are, then, 
generated by employing harmonic generators and a chain of class 
C amplifiers. 

(/#) Class C amplifiers in f.m. transmitters can be employed 
after modulation stage because frequency deviations are not 
affected due to the distortion in amplitude caused by class C 
amplifiers. 

(Hi) Harmonic generators are largely employed in transmitter 
circuit to produce reasonable frequency deviation. In most f.m. 
transmitters, by some means, frequency deviation produced by a 
given modulating signal can be made greater than at the medium 
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or low modulating frequencies. This is known as pre-emphasis 
which reduces background noise. 

We shall first describe f.m. transmitter employing phase 
modulation. 

36-3-1. PHASE MODULATED TYPE F.M. TRANSMITTER : 

As discussed in the chapter on modulation, if modulating volt¬ 
age amplitude, applied to the modulator, is made to vary inversely 
as the modulating frequency, the phase modulator output will 
have the characteristics of a f.m. wave. 

The block diagram of phase modulated type f.m. transmitter 
is shown in fig. 5. 



vsthcjx toe merse 
**£cuf#cv AW£***sn 


Fig. 5. Phase modulated type of f.m. transmitter. 

Description of Parts: 

(i) Crystal oscillator, 

(//) Isolating amplifier, and 

(Hi) Phase modulator and network for inverse frequency. 

The following fig. 6 shows the basic circuit of Armstrong 
phase modulator alongwith the network for inverse frequency. 



Fig. 6. Armstrong phase modulator circuit. 
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Process of Phase Modulation: In Armstrong moduatron 
method, phase modulation is produced by special ampl ude 
modulation method. The modulating vo'tage amplitude modulates 
the carrier in a balanced modulator to produce the t»® sidebands 
alone. Both these sidebands are shifted in phase by 90 and are 
added to the carrier. This gives rise to pure phase modu at ion (>1 
the carrier provided that the resulting phase deviation is less than 
0'5. 

Equation for phase modulated wave is 

u£ J„ !&<!) (sin (w c + 2<"J M sin (w, 2w„) f | + - 

For the particular case of Aff° f ft 
be determined from the curves of fig. 19 (art. ->4 >)• 
y«(0-5)=0-938 
J, (0-5) 0 242 
^ (0 5) 0 030 

and J . (0’5)«0 for // > 2. 

The equation for phase modulated wave then become 

e=0,38 * sin 

0-938 E, sin 01,7-1-0-242 E, Isin (.o, + o,„)/-s.n 


£ *b0938 E, £ sin *' n 


— L£- sin (w,-oi M ) t j 


...(I) 


The corresponding equation for a.m. wave is 


E, 


sin to,l- y COS 

-|-y COS («r-Wp.)/ J* 


...( 2 ) 


l-romcqs. (I)and(2 ). it is obvious that two equations arc 

identical provided : 

(/) b4> is made equal to m a% and 

\ii) side bands of amplitude modulated wave are shifted in 
phase by 90° with respect to the carrier. 

This principle of conversion of amplitude modulated wave into 
phase modulated wave is illustrated in fig. 7 ( a) and 7 ( b ). Vector 
AD represents carrier voltage E e and two vectors DC and BD rep¬ 
resent the sideband components. DC and BD vectors rotate in 
opposite directions at the rale rad/scc. In amplitude modulated 
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Fig. 7. (a) Vector representation Fie. 7 /a\ t 

Of an amplitude modulated %blse mod^ated'^vTob.led 
U3 ' C ‘ by rotating side bands in fig. 7 (a) 

through 90°. 

along r'carlf// S “ ^P^ms BC and BD is always 
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The input signal voltage is a sinusoidally varying modulating 


voltage, i.e. t 

e,=E a e J ^' 

so that 

1 £„,e' W 
e ° RC jui„, 

or 

-=3zr' 


that is. if modulating frequency increases, output across capacitor 
decreases. This output voltage is applied to grids of the two tubes 
shown in fig 6 through the transformer and phase modulates the 
carrier to produce frequency modulation. 

Function of the circuit : The outputs Ec x and £r„ derived from 
crystal-controlled oscillator arc made to have a phase difference ol 
90° by means of phase shift network. Ec t is applied to the grids of 
the two tubes connected in symmetrical circuit arrangements as 
shown in fig. 6. When the instantaneous potentials of the two grids 
are equal and vary in synchronism, the r.f. voltage across the 
common load impedance of both tubes will be zero because the 
circuit is quite symmetrical. When the modulating signal is applied 
then the potentials of the grids vary at an audio frequency rate 
with respect to each other. Thus the r.f. voltage. E M wil vary 
cyclically in amplitude. The instantaneous phase ol with res¬ 
pect to Ec. reverses each time the modulating signal goes through 
zero. The amplitude of E,„ depends upon the strength ol modula¬ 
ting signal. This voltage then combines with he, to lorm the 
modulator output E n . 

The phase relations among £,*, Ec, and the modulator output 
E„ are shown in fig. 7 (<•). Ec, and E... are 90° out of phase. is 
the in stantaneous phase difference between /:„ and he, which is 


£ c, 



£, logging Ec, F n lending Ec , 

lig 7. (r) Phase relation in E M , E„ and E ri . 

directly proportional to the instantaneous amplitude E,„ for small 
phase deviation angles. As a result, the instantaneous phase 
deviation will be proportional to the inMananteous values of modu¬ 
lating signal. Since instantaneous value of modulating signal 
varies inversely as the modulating frequency, a frequency modula¬ 
ted wave is produced by the process of phase modulation. 



Another Circuit for Phase Modnlati, 

Varactor diode: Before we descrii 

where’ Zl *S aB wr . ite about tractor < 
where we have shown that junction 

. x as space charge width 

increases w, th the increase in 8 reve?se b; 

lbe lncrea , se of forward bias voltage 
capacitance will decrease with the increas 

|"“ ie w,th ,he increase in forward 
junction capacitance is voltage-variable. 

The voltage-variable capacitance of 
the reverse direction is useful in a numbe 

a U recIned an LC reSOnant circuit - Diodes m 
are called varactors, varicaps or voltacaoi 

varactor diode under reverse bias cnnHifi. 


TO REST OF 
CIRCUIT.' 


TUNING 

CONTROL 


CIRCUIT 

MOOfl 


Fig- 7. (<!) A varactor diode. 

. . Resistance, /?„ is the serii 
is junction resistance. Since j 
the capacitance it is neglected 
20 p.f. and 8-5 Q r~ 

junction resistance and "c7/the ‘junction 
function of applied voltage, “ * 
the semiconductor c 
the ohmic electrical 

Varactor diode exhibits the 
mal diode. The r. 

10 amp. The avalanche breakdown i 
approximately. For useful applications C 
voltage must be large and the^erLs resista^ce"^ 

tun'in 0 V f‘ Se a ™P ,,fication )- Let us see how it i 
Phase modulator circuit: 


Fig. 7. (e) Remote tuniog using varactor. 

■s resistance of the diode, while R, 
v ** ^ ar 8 e and it shunts 

rfKn „,- , Typ,cal va,ues Cj and R, are 
.. X ely .. a, . a rtverse bias of 4 volt. R h [he 

j capacitance both are the 
nn j ,s afui ! cl,on bias » resistance of 

?contacts S,de ° f lhc Junction and distance of 

same characteristics as of a nor- 

[!uI“- C “ rren . t . saturation « of the order of 

IS at a bias of-70 volts 
■j variation with bias 
• - *j» must be low 
is used in remote 
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diodes above and below its average d.c. value. As a result, capa¬ 
citance of />, and D t changes. The change in ca P*'*™*™** 
a shift in tuning of the secondary of RF transformer 7, and the 
primary of T*. Consequently phase angle of RF carrier is shifted 
from its average value. However, any change in phase is equi¬ 
valent to a change in frequency and we get frequency modulated 
wave. 



Fig. 7. (/) A phase modulator circuit. 

rivt Prc-cmphasis Network : A relatively large amount of 
encrev in speech or music is contained in the low frequency port¬ 
ion of audio spectrum. Since the energy in high frequency por- 

- 1 


MQDUL/PN6 
v SIGNAL 



, ■? 

R =€ moftEMftci 

T OUTPUT W/TH 
, <3 HlGPfPtQUtNCr 
L § EMPHASIS 


±7/7" 


-i. 


-J 


Fig. K (</) Audio-amplifier with frequency emphasis. 



Fig. 8 ( b) Transistor a /. amplifier with frequency emphasis. 
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tion is small, the high frequency components ordinarily produce 
frequency deviation far below the maximum allowable value of 75 
kc/s. I his causes interference of high energy modulating frequen- 
cies to be more effective. In order to overcome this unequal 
distribution of energy in audio frequency spectrum, pre-emphasis 

tiMflt thi S a U8C ?> 1n / m r t ? D f m i ttcrs * ^-emphasis device accen¬ 
tuates the amplitude of high frequency components with respect 

to the low frequency components. In figure 8, a simple pre¬ 
emphasis circuit is shown. 


In the plate circuit of audio frequency amplifier, an induc¬ 
tance and resistance are connected in series. 

Since the inductance offers high reactance to high frequency 
components in comparison to low frequency components, the out¬ 
put voltage developed across the series combination of L and R 
will be relatively high for high frequency components. 

Advantage of phase modulated type F. M. Transmitter : Main 
advantage of phase modulated type fm. transmitter is that the 
carrier frequency is derived directly from a crystal oscillator and 
is, therefore, independent of tube characteristics and circuit adjust¬ 
ment. The carrier frequency employed in the process of modula¬ 
tion is thus very stable. 


Disadvantage : The disadvantage of phase modulation is that 
at low modulation frequencies, the maximum frequency deviation 

produced by the modulator is small. Therefore, in order to pro- 

^2 na . ble deviation various stages of harmonic generators 
are employed in the transmitter. 


36 3 2. F.M. TRANSMITTER USING REACTANCE TUBE : 

The block diagram of reactance tube type f.m. transmitter is 
given in fig. 9. 
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Fig. 9. Block diagram of f.m. transmitter using reactance tube. 
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Description of Main Parts : We have descnbed some parts of 
above transmitter in previous articles, e.g. pre-emphasis network 
audio frequency amplifier. Here three systems are bung discussed 

10 b (i) f Pre-emphasis circuit : Though we explained this network 
in previous article but here we shall explain it in detail. 

As stated earlier, a relatively small amount *of energy_is con- 
tained in hich frequency portion of audio spectrum. Since ttKSc 
high frequency components have small amphtudes. they produce 
frequency deviation far less than the maximum permitted value of 

which are uniformly distributed over the entire spectrum occupied 
by the channel. Therefore to improve signal to no.se ratio a. he 

SEE SSES3.: 

emphasis circuU.phasjs ejrcuj( may usc cjlher RL or rc circuit as 
shown in lig. 10 (a). 


ft * 

vww- |-1 


l 


<-%£ 0 £i 


£ o 


L i 


l ig. 10. (a) Pre-emphasis circuits. 

The transfer ratio in case of RL circuit is given by 

= —L_ 

Ei R+j*L , , 

jwL 




where „ is operating frequency. If reference frequency (designed 
value) 


R 


then 


E, 

E, 


o _ 'll tan -1 —) 


-d) 
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For RC pre-emphasis circuit, 

£o 

Ei 


R 


B+ 


1 


1 + 


jwC 1 jwCR 




If reference frequency w ,=gL,then 
The value of reference frequency is chosen as 


...( 2 ) 


or 


—=75 n sec 

Wj 

/.=2100 c/s, 


Therefore for/=^=2100 c/s, the transfer ratio in case of 
both the circuits is 


ll:l 7['+isrr^ 

But if/=2l,000 c/s, then 


Si’* 1 ’ 

IS* ii S, a | f mil eqUen , Ci * S equal t0 21 kc '' s or a bove, the output vol- 

was on!vT7V oMnn IT' VOl,a c 8e ' whereas for 2 ’> ^//output 
was only 70 7^ of input voltage. Similarly it can be seen that at 

oi 10°/onnomv f , r f equcnc . y » say 0 21 **l*. output voltage £ 0 is 
y ,u /o ol input voltage. In other words only high freauenev 
components are relatively emphasised. y 8 Ircquency 

is to ( co , ntmM C hJ n rr» TubC and r i ' ,odula,ed Oscillator : The method 

Le w^th f h, v/ r qUe " Cy ° f an oscilla,or by the modulating vol- 
tage with the aid of reactance tube. 6 

ther^n^ I r h 1 tlhefreqUenCyofa ,ank circuit depends upon 
ance whth v5f co ”P on J en 1 IS -.So if we couple some other reac 
then w,Ih modulat,n 8 voltage with this tank circuit, 

hence With = e H C} ! 8 * nerate , d wil1 var y with coupled reactance and 

ofJSssrr? tub f. is a p £? tode which shunts ,he tank circui( 

a ,° e a y r f - osc, ' lator - The Pentode draws a reactive current 
that is varied inaccordance with the modulating voltage. This 
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reactive current has an effect equivalent to shunting a re a c < a |? ce 
across the oscillator tank circuit and so affects the generated fre¬ 
quency. , , 

Refer to circuit 10(6). Resistance R is much smaller than the 
reactance of C. By means of RC phase splitter, the;°'% ge J e *' f 
ween grid and cathode. E s ,, of reactance tube is made 90 out of 
phase with £„i, the plate cathode voltage. Consequently plate 
current l p , will lead E,. k by 90’ which happens in the case of capa- 
citive reactance. Thus the action of reactance tube is equivalent to 
shunting a capacitive reactance between the P'^teand groundI o 
oscillator tank circuit. Now in order to obtain the frequency 

k- Reactance lube OsciUofor *1 

1 - / 7JCRXT'- 


Modulating 



bb 


I-iu 10 (b) Reactance tube and modulated oscillator, 
modulation, modulating voltage. £-cos r h f oscil- 

rf voltauc is applied to the control grid of the tube. The osul 

fatorfrcqucncy voltage E t , between grid and cathode ts given by 
r l' rk 


R -trc 


R. 


The resulting plate current is 

lpk=gm'Egk=gm- 




:R. 


R- 


ujC 


Since R 4 we get 

Ipk-jR gnx.OiC E p k 
Equivalent capacitive reactance is 
Epk _ J 
~ Ipk oj.CRg m 
or equivalent capacitance is 

C„-C7t g„- 
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F 'C-10(c) Rcactaoce modulator using a FET. 

tance of ihe^f^va^es^naccordfl^ 6 ^ lhc transconduc- 

if and R diw SS5iS e aC SS5 , f w,,h V he raodlulating signal, 
negligible) then current / of ?he oLlu." 0 h * osc,l . lator (<•*• h b 
tdy e « ual 10 drain cufrent. l^SKteSS* 

y.=i,.R 


SO that 


*-& 


.R 


I o=ld=g„, V t 
= V 0gmR 

R- j 


wC 

lf ** Jc tben 

c . , l ^=+jRgm<uCy, 

equivalent capacitive reactance is 

V, 


Xr, ~J7~ 


where equivalent capacitance is 

C.,=CR gm 


Hi 


CR gl 


<oC, 


<« 
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Thus modulating voltage varies g m which in turn varies C fq resul¬ 
ting in the variation of oscillator frequency. 

(iii) Control System : (a) R.C.A. Method : Refer to fig. 9. 
This system comprises a large number of devices as-mixer, crystal 
oscillator, discriminator, low pass filter, and d.c. amplifier. 

The details of each device can be read in their respective cha¬ 
pters. Here we shall explain the principle of operation ot the 


system as a whole. 

We require that the transmitter must have correct carrier fre- 
quency assigned to it. The control system is employed to correct 
for any deviation from its assigned frequency value //. 

The output of a crystal oscillator which generates the stable 
frequency /„ is applied to the mixer alongwith the output drawn 
from frequency-modulated oscillator The mixer then combines 
both to give a resultant deviation /a=(/o-/i). This output of 
mixer is then applied to a phase shift discriminator, the centr. 
frequency of which is/* Therefore, if/, is correct then 
will not develop any d.c. output across discriminator But if 
transmitter is not operating at the assigned value of f-equency. 
then (/„—/,) will have different value than/, and d.c. component 
will be developed by the discriminator at the output. This d.c. 
output with polarity depending upon (/„-/,). after suitable ampli¬ 
fication, is applied to the control grid of reactance tube in such a 
way as to modify the frequency of the oscillator to attain the assig¬ 
ned value of frequency. Any variation of modulating trequcncy is 
prevented by low pass filter from being transmitted to the react- 
ancc tube. 

(*>) F.C.C. Method : Refer to fig. 10 {d). 

In this method, crystal oscillator operates at the frequency of 
master oscillator (say 4 mc/s). The same subharmon.c (say 8 th 
i.e. 500 kc/s) of frequency of master oscillator as well as that ot 
crystal oscillator are fed to a balanced phase detector which com¬ 
pares the phases of these two voltages of almost the same fre¬ 
quency. The output d.c. voltage of phase detector is proportional 
to phase difference of these two subharmonics. If there is no phase 
difference between them, no d.c. voltage develops. A slight change 
in the frequency of transmitter changes the phase ol its subhar¬ 
monic, resulting in a phase difference with crystal oscillator frequ¬ 
ency subharmonic. Consequently, d.c. voltage is developed at the 
output of phase detector. This d.c. voltage is fed to the grid of the 
reactance tube and it changes the master oscillator frequency in 
such a way as to make it coincide with crystal oscillator frequency. 

(c) Bell Laboratory Method : Refer to fig. 10 (<*). 

In Bell Laboratory Method crystal oscillator operates at a 
subharmonic of the master oscillator frequency. The output of 
crystal oscillator and subharmonic of master oscillator arc then fed 
to stabilizing modulator. If frequency drift of master oscillator 
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_ Phase ' c &' J °y 1 4mc/ 6 
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F'g. 10 (</). Reactance tube F. M. transmitter using FCC method 
for frequency stabilisation 
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Vo/tode ce Tube ^ frequency L* mutt/ptier I 

6 Ooa/tator and power 

- -—J amplifiers 


Rotor coup fed 
to tuning capacitor 

^Svnc/rronous 

j motor \ 1 


Crysta/ 

Osci//afor 


Stabilizing [Frequency 

modu/o/or d/lf/der 


‘ i—. 

Fig. 10 (,). Reactance tube F. M. Transmitter using Bell Laboratory 
method for frequency stabilization. 
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(carrier frequency) is zero modulator output is zero but if carrier 
frequency is changed (drift from its assigned value) then modula¬ 
tor produces two voltages, relative phase of which depends upon 
the direction of frequency drift and the amplitude upon the mag¬ 
nitude of frequency drift. The two voltages are amplified and fed 
to two phase stator windings of an induction motor creating a 
rotating magnetic field. The sense of rotation ■depends iupon 
whether the transmitter frequency is above or below the desired 
value. The rotor which is coupled to the shaft of tuning capacitor 
of master oscillator will accordingly rotate clockwise or anticlock¬ 
wise and bring back the transmitter frequency to its assigned 

value. 

36 4. COMPARISON OF F.M. AND AM. SYSTEMS : 

The difference in the two types of system is obviously due to 
basic differences between amplitude modulation and frequency 
modulation as briefed below : 

u) Sidebands : In contrast to amplitude modulation wherein 
modulation of carrier gives rise to only one pair of sidebands, 
frequency modulation produces a large number ol Pairs of side¬ 
bands depending upon deviation ratio and are centered about the 

carrier frequency. 

(//) Bandwidth and carrier frequency : The bandwidth in FA/ 
system is much wider on account ol a number ol sideband pairs 
eV with a maximum frequency deviation of 75 kcls a channel 

. -j.i 2 i»() b c ie js required. On the other hand, in AM 

Kdc«?»— Sal band IT,on, ,6 ,0 2»»U c„. ,b< 
bandwidth is only 10 kc!s. Consequent, m FA/ system ,n order 
lo accommodate sufficient number of channels in a given frequency 
spectrum and to have proper selectiv.ly, earner Irequency are 
opted between X 8 and 108 inc/s. 

(Hi) rower requirements of modulating source : In AM wave 
intelligence is contained in sidebands. J he amplitude and power 
level of sideband frequencies increases with percent modulation 
and consequently an increase in modulation level also increases 
“e power content of modulated wave. I h.s extra power is derived 
from the modulating signal source. In frequency modulating wave, 
as the amplitude is not affected by the modulation, power content 
of the wave remains the same. I hcreforc practically no energy is 
supplied from the modulating or any other source lor modulating 

the carrier. 

Further, since i'M wave can be amplified by class C amplifiers 
without distortion, their modulation is affected in a lower power 
stage of I'M transmitter which requires low modulating signal 
power. The modulated wave is then amplified by last stage class C 
amplifiers of the transmitter. But in amplitude modulation systems 
modulation is usually carried out at the last power stage which 
requires considerable power from the modulating source. 
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Di «ortion : In amplitude modulation system distortion 
may arise due to over modulation. Therefore modulating voltage 
amplitude should not exceed carrier voltage amplitude 8 Jhere1s 

,s oh^?niw m u t,0n m FM ^ stem and a distortion free modulation 

not exrpcH m FMs l stem frequency deviation Af should 

not exceed carrier frequency which is usually the case. A maximum 

transmission 6 free°fr ° f ?5 ^ H / rbiIrarily ^ed so as to have 
channels D °' Se and ,nlerference w ''h adjacent 

d Jrt™ e,ily -° f Fece P ,ion °f ^snah : FM systems reduce the 
a ” c ar ! sin & due to noise and interference of different 
signals. Thus due to suppression of circuit and tube noise a clear 
reception is obtained in case of frequency modulation 

Also ln AM broadcasting the bandwidth of a channel is 

d £*®‘. ly P roportlon . al 'o highest frequency in the modulating 

S h™li pr ? er " S u nce 3 bandwidth of 10 kc/s is assigned to each 

iSMW 5 A-wf' n n Ch ^ De ' u 8heSt “odulating frequency used 
is only 5 kc/s. On the other hand, incase of FA/ system if 

moSoTLl 'f' 8 '’ t j* nd ;!' idl . h is praetical| y independent of 

whWn ?nn 8 twf hJ H S ° il aI L Ihe sl S Dlficant sidebands will lie 
within 200 kc/s bandwidth that is assigned to FM system. 

advance of™ ™ in,e /f? rence reduction : The most important 
? VCr b«s in the substantial reduction 

next article m,erference effecls - This ** been discussed in the 

36 5 ‘ £22Sf, AND interference reduction in 

FREQUENCY MODULATION SYSTEMS : 

their T a hniL e< ilI en 7 m °du | ation systems are preferred because of 

interferenrp i ff he disturbance arising due to noise and 

Dcrlv de^npi dld f ren ‘ s,g " als - For this Purpose they are pro- 
pcrly designed and operated in the suitable way. 

Whon U £ P ?c Se thC n ° isC V0,tagc En is smal,er than s, ^ nal voltage E s . 
vo,.*"/" « superimposed on E ,, the amplitude of the resultant 
voltage vanes between 

(£+£.) and (£,-£„), while 
phase of resultant voltage 
relative to £, oscillates bet¬ 
ween 5=±sin-' £„/£, as 
shown in figure (II). Thus 
the resultant wave is modu¬ 
lated by the noise both in 
amplitude and phase. 

onsequently, at the output Fig. II. Superimposition of noise 
01 the receiver, the noise over signal. 

iTi r~f ear- To Prevent this noise from receiver appreciably at 
the receiver output, we adopt the following ways : 

pm JiU D ,he frequency modulated receivers a limiter stage is 
employed prior to the discriminator stage. Limiter delivers a 



—HV4. 
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constant amplitude input to the discriminator and thus•amplitude 
fluctuations due to noise are rendered ineffective. Instead of limit 
discriminator, vve can also use ratio detector. 

(ii) By employing limiter or ratio detector, appearance of 
noise in the receiver output through amp'itude fluctuation .s 

checked but it still can appear through its effect or phase.To 
check the noise to appear in the output due to the latter effect, a 
frequency modulated wave with appreciable frequency^ 

(Af) is transmitted so that, for full modulation, modula..oni index 
(m ) due to signal is large compared with unity. I or example, we 
consider a°signal of 1 kc tha. produces a frequency deviation of 
75 kc then modulation index of signal will be 

J/ 75Ac 
(, "* )/= 7T * 'ike 

While with E„, < E, a noise voltage half as large as the signal has 
modulation index 

so that phase deviation produced by the noise will be only 
— = •0066 times as great as the deviation produced by the signal. 

stew— “1 

during transmission exceeds the signal voltage, the desired signal 
is almost suppressed. 



_BROADCAST RECEIVING CIRCUITS 


Receiving devices are those which convert the transmitted 
rad.o waves into perceptible signals. Based on modulation process, 
the receiving circuits are of two different types : 

(A) Amplitude-modulated (a.m.) receivers. 

(B) Frequency modulated (f.m.) receivers. 

The performance of a radio receiver is determined by means 
lr c r? ICS ‘ Befo ' e discussin 8 am. and f.m. receivers, 

ZJ- f 1 t eS i b i? SOme ,m P° rtanl characteristics of radio 
receiver on which these receivers are rated 

36 6-1. CHARACTERISTICS OF RECEIVERS : 

CA . ^Porfant characteristics of receivers are sensitivity, 
selectivity, fidelity, noise figure, described as follows: 

rhn S . e “? ifiv . il 7f I /he sensitivity of radio receiver is that 
c haracteristic which determines the minimum strength of signal 
input capable of causing a desired value of signal output. Therefore, 
expressing in terms of voltage or power, sensitivity can be defined 
as lie minimum voltage or power at the receiver input for causing 
a standard output. 

. R v cas !r °f. amplitude-modulation broadcast receivers, the 
definition of sensitivity has been standardised as “amplitude of 

o l TT r T AfX gC modu,a ‘ ed 30 percent at 400 cycles, which when 
applied to the receiver input terminals through a standard dummy 
antenna will develop an output of 0 5 watt in a resistance load of 
appropriate value substituted for the loudspeaker”. 

(b) Selectivity: The selectivity of a radio receiver is that 
characteristic which determines the extent to which it is capable of 

frequencies'^ the desired si * nal and signals of other 


(c) Fidelity ; This is defined as the degree with which a sys¬ 
tem accurately reproduces at its output the essential characteristics 
oj signals which is impressed upon its input. 

(d) Stability : It is a measure of the ability of a radio receiver 
to deliver a constant amount of output fora given period of time 
when the receiver is supplied with a signal of constant amplitude and 
frequency. Instability of receiver arises due to variations in output 
voltage of power supply unit, temperature variations and mechani¬ 
cal imperfections. 


(e) Noise figure and signal to noise ratio : Noise figure is a 
measure of the extent to which the noise appearing in the receiver 
output in the absence of a signal is greater than the noise that 
would be present if the receiver were a perfect receiver from the 
point of view of generating the minimum possible noise. The noise 
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figure determines the smallest power that may be received without 
being drowned out by the noise. The noise hgure is expressed in 
decibels or as a power ratio. The larger the noise figure, the 
noiser the receiver. . 

Signal and noise can be measured and compared m terms of 
r m s voltage or current, or in terms of power, and the ratio ol 
S j ft nai to noise can be expressed in decibels. For satislactory 
reception of the typical broadcast programme, a signal to noise 
ratio of 40 decibels is necessary. 

36 6-2. EXPERIMENTAL DETERMINATION OF RECEIVER 

CHARACTERISTICS : 

A laboratory method for the measurement of receiver charac¬ 
teristics is shown in fig. 12. We use here an artificial signal to rep e- 
sent the voltage that is induced in the receiving antenna. This 
artificial signal is applied through ‘dummy antenna, which in 


0 urn my Ant anno 



Pig. 12. Arrangement for the measurement of receiver characteristics. 

association with internal impedance of the signal generator stimu¬ 
lates the impedance of .he actual antenna with which the receiver 
is to be used The receiver output ,s determined by substituting the 
resistance load of proper value for the loudspeaker and measuring 
the audiofrequency power. 

(a) Sensitivity : Sen¬ 

sitivity is determined by 
impressing different r.f. 
voltage in series with a 
standard dummy antenna 
and adjusting the inten¬ 
sity of input voltage until 
standard output is ob¬ 
tained at resonance for 
variouscarrier frequencies 
Sensitivity is expressed in 
micro-volts. A sensitivity 
curve is shown in fig. 13. Fig. 13. Sensitivity curve. 

(b) Selectivity : Selectivity is expressed in the form of a curve 
that gives the carrier signal strength with standard modulation 
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that is required to produce the standard test output plotted as a 
function of cycles off resonance of the test signal. 

The method of obtaining the selectivity curve is as follows: 

The receiver is tuned to the desired frequency and mutual 
volume control is set for maximum value. At standard modulation, 
the signal generator is set at the resonant frequency of the receiver. 
The carrier output of the signal generator is varied until the 
standard test output is obtained. At the same tuning of receiver, 
the frequency of signal generator is varied above and below the 
frequency to which the receiver is tuned. For every frequency, the 
signal generator voltage, applied to the receiver input, is adjusted 
to give the standard test output from the receiver. The data are 
plotted in fig. 14. 



Fig. 14. Selectivity curves. 

(c) Fidelity : Fidelity is the term expressing the behaviour of 
receiver output with modulation frequency of input voltage. To 
obtain a fidelity curve, the carrier frequency of the signal generator 
is adjusted to resonance with the receiver, standard 400 cycles 
modulation is applied, the signal generator carrier level is set at a 



Fig. 15. Fidelity curve. 
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convenient arbitrary level and the manual volume control of the 
receiver is adjusted to give the standard test output The modula- 
tion frequency is then varied over ihe audio range, keeping degree 
of modulation constant. A graph is then plotted in the ratio oi 
actual output in volts to the output at 400 c/s against modulation 
frequency as shown in fig. 15. 

(d) Noise Figure : The noise figure of a receiver is best 
measured with a source of a random noise such as temperature 
limited diode. The no.se generator and dummy antenna are 
connected but the noise generator is not yet turned ion . The noise 
output power />, of i.f. amplifier at this stage is measured Then 
turn on .he noise generator and increase its,°“'P U ' """'S® 
output of the i f. amplifier has increased to 2/V N« the space 
current / or the diode. It tan be shown that noist figure ol the 
receiver in decibels is 

10 log lu (20//?). 

where R is ihe resistor through which the noise current flows. 

(c) Maximum Undistortcd Power Output: This is determined 
bv increasin'' the output in successive steps and measuring both 
the power output and"the percentage of l-armonics T e.maximun 
undistorted output is the least power output 1 

r.m.s. harmonic voltage content of 10 percent of fundamental 

voltage. . . . 

(f) Signal to noise ratio : Noise figure docs not give signal 
to noise ratio of the receiver output after detection and a. dm 
amplification but it simply represents a merit: of the actual receiver 
as compared to an ideal receiver having minimum possible noise. 
Signal to noise ratio is determined by equivalent noise band input 

(c n.s.i.) test. . • r „ . 

The procedure of measuring c.n s.i. is as loiiows . 

(/) Select a convenient carrier level ol about 100 db, (l<W ) 

and say it (E,) db . . 

(i7) With this carrier applied without modulation, measure 
the r.m.s noise voltage delivered by the receiver and say this /:„. 

(//,) Switch on 400 cvclcs 30 percent modulation and inser¬ 
ting 400 cvclc hand pass filler in the output circuit of the receiver 
(which will remove all noise practically), measure the r.m.s. 400 
cycles output, say this F.'. 

The c.n.s.i. can he computed from the following formula : 


(£.W=(E,U+(p\ HO. 

\*-»l 'Jh 


In general the signal to noise voltage ratio at the receiver out¬ 
put can he expressed in terms of F n according to the relation 

^ j * 

signal to noise voltage ratio 
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where E c and m a are the carrier amplitude and degree of modula- 
tton respectively of the signal applied to the receiver input for 
which the signal to noise ratio is desired. The relation for e.n s.i. 
considering general case can be put in the form 


E„=m a E, {jfj in pV, 

E n , E, being in microvolts while and E,‘ in volts. 

(g) Hum measurement: Alternating power frequency currents 

produce hum which can be said as a tone of 10 cycles fundamental. 

Hunt originating in a.f. circuits is called “residual hum" and is 

measured with no r.f. input to the detector. Hum produced by 

modulation of the carrier in the receiver is called "modulation 
num 


The hum voltages present in the receiver output can be ob- 
served by employing square law measuring instrument. The result 
will usually depend on the setting of manual volume control. 

36-7. FREQUENCY CHANGING OR CONVERSION : 

In the reception of radio signals, better response is obtained 
it trequcncy of the incoming signal is changed to some lower radio 
rcquency value (without affecting modulation envelope). This 
lower value of frequency is termed as intermediate frequency and 
process of changing the frequency is called heterodyne action or 
mixing or beating. There are two types of ways of achieving this 
conversion. 6 

36 7-1. SINGLE ELECTRODE MIXING : 

In this process, signal voltage as well as locally generated 
oscillator voltage arc applied at the same grid of mixer tube as 
shown in fig. 16. When the two voltages are applied to the same 
gria, mixing action is achieved through utilizing the square law 
plate rurrent-gnd voltace property of the tube. In this process of 
mixing, the important property is conversion transconductance 
defined by 

2 ~~ 1 ^ 
ocn p • 

where l if is the plate current at intermediate frequency and E,/ is 
the signal voltage at the signal frequency. An expression for it can 
be deduced as follows : 

Square law conversion theory : 

Let the plate current grid voltage characteristic of the detector 
follow square law so that a.c. plate current is given by 

i P =ax e t +a t e s \ 

where a, and a 2 are constants and e, is the total a.c. voltage applied 
at the grid and is given by 

e g~H c (\+m a cos i» m t) cos tt f r+£„ cos a> 0 t 
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Fig 16. Single electrode mixing. 

(age. Putting c K in expression lor i r . «c,get 

r + a, | E< (I + m* cos w,,,*) cos «o, t -f E„ cos «V) 

Terms with coefficient a, arc of no use in mixing action as they 
refer to the linear region of characteristic, we can write 

;=fl, [E, (I +»»• cos cos "' ,+£ » cos “"'J' , 

[£,’ cos’ w.f + £. s cos’ «„/+£.* cos’ w„i cos’ w ( r 

+ 2£r* W»« cos w m t COS* u» f / 

-| 2/; f (I +/w« COS u» m r) COS oi,f /T 0 cos w„f) 

= , 1 , (/T. 2 cos 2 W.M--£•* cos* *-„/ 

/Meg* £,* COS* (<u, + <*„) t 

4 

+"'■* — cos’ «J I 
4 

-|-//l u £«* cos op. I COS (ui, 4 -»m) * 

\ m„ E f * cos w,/ cos (u>. — r 

4 2E, E 0 cos w f / cos 

4-m,, E,E a cos <-» 0 r cos (w. +wj / 

+/w u E c E a cos w,/ cos /) 

The resonant circuit in the plate of the mixer tube is tuned to 
the difference frequency called intermediate frequency 

and it rejects all other frequency terms except those that are very 
close to Thus neglecting all terms in above expression 

except those close to (</>,,—«.».), we get 
ip=a £ \E t E 0 cos (oj 0 — w e ) t 

•| j m a E t Et, cos {u> u -uj e -o, m ) l 
-I j m a E C E 9 cos (o» Q -Wf !•«„) /| 
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Putting w 0 —oj c =(Vi, the intermediate frequency, we get 
ip=a 2 [E e E 0 cos Wit- }-$ m a E C E 0 cos (<*>/— w„) t 

+ i m a E C E 0 cos (a),+w m ) t] 
=a 2 E c E 0 [I -f m a cos w m t] cos out 

= hj COS a>it 

where///is the amplitude of intermediate frequency component. 

J he tuned circuit is adjusted to have a bandwidth of 2w m centred 
about the intermediate frequency a,,. Then conversion transcon¬ 
ductance is given oy 

„_ hr 


g " E c (1 -\-m„ coT7^j)~ a ‘E° -0) 

If the tuned circuit primary has impedance R, at resonant fre- 
quency w, y then output voltage across tuned circuit is 
£//=/// R, 

= a 2 E e E 0 (I -f m a cos w m t) R, 
and the instantaneous value is given by 

e,/=Ei/ cos w t t 

=a t E e E 0 (I +m a cos w m t) R, cos w,t. ...(3) 
Obviously as represented by eq. 3, carrier frequency is changed 
from to w, but the modulation characteristics remain the same, 
(same modulation index and modulation frequency). However, it 
may be noted that as amplitude of output wave, £,/. now includes 
t c as well as E 0 , square law heterodyne action provides an inherent 
amplification. 

36 7-2. TWO ELECTRODE MIXING : 

fn fwnVJ’no P » r0C f SS si l nal v r 0,tage and the osci,,at <> r voltage are fed 
o vo separate electrodes of the tube and mixing action takes place 



Fig. 17. A Pentagrid Converter. 


P, r °.'' 8h I ICClr0n C0U P' in g '>• coupling through electron stream. 
1 entagnd converter, triode-hexode converter etc. are the examples 
this type of mixing A pentagrid converter is shown in fig. 17. 
as in pentode, grids (7, and G 2 control the total cathode (space) 
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current i c . Grid G 3 is 
completely shielded from 
the cathode so that its 
influence upon the 
cathode current is prac¬ 
tically zero. A part 
of electron stream from 
cathode stops at grid 
G 2 most of it reaches 
grid G 3 through G 2 . The 
potential of grid G 3 cont¬ 
rols the passage of the 
fraction of this electron 
stream towards plate and 
the fraction returned back 
to grid G t , as is evident 
from the curves in fig. 18 
which depict plate 
current /„ as function 




^ i 

uj ro 


hi 


|l 


wn,cn ucp.» p . |g Characteristics of Ptnianrid 

current i, as function F‘S- '*• 
of for various Tube 

values of e g . Since for all curves, e Kt is constant and <■„ is constant 

for a single curve, cathode current is constant for each curve, if 

/,//, is plotted as a function of e gl then for all values of e u •* 

single line (dashed in figure) is obtained which shows that /,.//« is a 

function of e gi and independent of e g> . Mathematically, 

fc~a,+b,c ti 0) 

where a, and b\ arc constants. 

Suppose t t -e. characteristics, for constant screen grid vol¬ 
tage, arc straight lines over a considerable range of values. hen 

we can write .. 

i<=°'+h a e gi “W 

where u„ and b„ are constants. 

From cqs. (I) and (2), we get 

/,=(«, +b, e gi ) (a.+ft. *>,)• 

Further from fig. 17, 

r g ,=-E l +e t =— £i+£ocos w„r 
and 'g t =-E,+e,= -E,+E t <1+"'. cos <..„!) cos w,l 

= — £.+£/ cos oj ( 1 . 

Therefore ^ 

i =(«,+*, (-£>+£.' COS «,,!)) la„+<>. (-£«+£. cos “»')] 

cos iu,r] (/t 0 +ftii£o cos “o' 1 - 

where A,=a i -b i E t and A„=a a -b„ £,. 
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The above expression can be further simplified to 

‘p-^o^i-rbiAoEc cos WctA-b^AxEa cos w 0 t 
+b l b 0 E e ' E 0 cos u) c t cos w 0 t 
= 4 0 4i+b,AoE c ' cos U) c tA-b Q AxE 0 cos w 0 t 
+ i bjti E 0 Ec COS (a> 0 — oj c ) t 
+ } b^bxE^Ec’ cos (w 0 +w c ) /. 

^Therefore plate current consists of frequencies w c , w 0 , 

s tuned to?' nCe resonanI circuit in the plate circuit 
is tuned to the difference frequency currents of all oiher 

fnSwm'b!' be rejeC ‘ ed ^ ‘ he CirCUit - Therefore the term of 
•p=i b 0 bxE 0 Ec cos (w 0 —a» c ) / 

— Ilf COS cui t /j\ 

rZ 2S Cq - (2) ° f ar, ‘ 36 ' 7 -’ ob,ained for signal electrode 
mixing. The conversion transconductance in this case will be 

g,„= chan S c in P ,alc current at difference frequency 
change in signal grid voltage 
for constant plate voltage. 

r„r Jn f , S !, 8 ,^ al fr VOl ' age f changes from zcro “> Ec\ the change in plate 
conductance h C frequenCy ,s 1,1 ' Ther£ fore conversion trans- 



_ * bJ>,E,E t - 
Eo 

bJ>xE 0 ...(4) 

which predicts that conversion transconductance is proportional 
to oscillator grid voltage and increases linearly with it. However, 
there is a definite upper limit to g„. As E 0 is increased, a point 
reaches when the negative swing of voltage draws the plate cur¬ 
rent to cut off so that any further increase in £ 0 is inoperative in 
increasing g cn . Moreover large positive oscillator voltage also 
gives rise to damping to the source of oscillation. 

36-8. AMPLITUDE MODULATED RECEIVERS : 

(A) TUNED RADIO FREQUENCY RECEIVER 
(Straight receiver): 

In r.f. receiver, selectivity and r.f. amplification are due to 
the use of selective circuits and tubes functioning at the frequency 
of incoming signal. The t. r. f. receiver uses two or more tuned 
circuits which arc usually adjusted simultaneously by a single gang 
capacitor tuning control. ° 

The circuit diagram of a five tube a.c. operated t. r. f. receiver 
is shown in figure 19. The circuit uses two stages of tuned r. f. 
amplification, a biased detector, one stage of a.f. voltage amplifica- 
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prov?dc d :° nC ^ ° f * S ‘ P ° Wer am P ,ification - It is designed to 

(a) sufficient selectivity for the reception of all local stations. 

(b) sufficient volume. 

(c) good fidelity, 

(d) high signal to noise ratio. 

strength ni'fr Amplij>c f wn S J°Z e ■ To obtain sufficient signal 
a f amni ti , ! a ' f - am P llfic ation stages are employed. The 

or RC c P oup?ed°, n y pe age be ei,her of lhe transformer coupled 

Slage : Selectivi, y of receiver increa- 
nai n h - a am P ,lfic ation stages. For every stage, additio- 

olace b |noo f ma' rei !' A H eaCh S ‘ aSe ’ am P lifica tion and tuning takes 
«i , a y u ' L d slages are added . 'he circuit may become 

of the receTve 3 ^ thUS * here W '" be an adverse effect on the fidelity 

arv irlh Con, :°l '■ The Stren s‘ h of the Signal in the prim- 

ary ol the antenna coil 7. k varied k>> • •_r> * -t-i 


Resistors 

Capacitors 

Other Elements 

Ri = 10 K ohms. 

^ Ci=C 2 =Cj 
= 10 to 365 p.f. 

1 T, = Antenna coil 

R‘= 250 ohms. 

C,=C t =Ct 
=4 to 30 p.f. 

l=r.f. transformer 

Rt=50 K ohms. 

c,=c,=c,=c 10 

=0-5 m F 

7' 4 =output transformer 
7*5=power transformer 

/?i=68 K ohms. 

Cn=2 0 p.f. 

L.S.= Loudspeaker 

Ri= 33 K ohms. 

Cis—0 05 /*F 

£, = 15 H. 

/?o=l megaohms. 

C„=0-5 ^F 


Rt= 220 K ohms. 

Cn=0 - l fiF 


/? s =470 K ohms. 

C, s =0 0l /iF 


/f u =400 ohms, 

7?io=75 K ohms. 

Rn* Bleeder 

r • 

Cig=C, 7=200 /zF 



— V..VU.C vuu. F u,u:uii . Jn me rouowjng table, 

ol circuits elements (resistance and capacitance) are given : 
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action can be understood as : when x moves towards A, a greater 
portion of signal input is shunted to ground and thus signal 
strength is decreased in the primary ot antenna coil T x . 7 he 
second effect is that the cathode bias resistance of 6SK7 is increa¬ 
sed. Both these actions will decrease the gain of 6SK7 and thus 
volume is decreased. A reverse effect will be produced, />., 
volume increases, when * is moved towards B. 

(d) Tone Control : Potentiometer R l0 and capacitor C,« act 
as tone control and provide a path to ground for a portion of a.t. 
current. The value of C u is such as to ground only higher value 
of audio frequency. The percentage of a. f. current shunted to 
ground depends upon the value of R t0 - ^ hen R l0 is low, then 
only low and medium audio frequencies will pass to output trans¬ 
former. 

(B) SUPERHETERODYNE RECEIVER : 

Principle: In the process of superheterodyne reception, the 
signal voltage is combined with a local oscillator voltage and is 
converted into a new signal with the same modulation, but ol lower 
carrier frequenev called the intermediate frequency, which is then 
amplified and detected to produce the original modulation. 

Advantages : Advantages of supcrhetrodync receiver over 
tuned radio frequency receiver arc : 

(/) improved selectivity interms of stations on adjacent 
channels, 

(//) quite stable operation, 

(Hi) higher stage gain due to amplification being at lower 
frequency value of the i.f. stages, and 

(/|.) selectivity remains uniform over the broadcast band. 
Since the characteristics of intermediate frequency amplifier, 
which provides the major portion of the amplification and selecti¬ 
vity of receiver, arc independent of the frequency to which the 
receiver is tuned, the selectivity of a supcrhetrodync is fairly 
uniform throughout its tuning range. 

Block Diagram : Block diagram of a superheterodyne receiver 
is shown in fig. 20. 



Fig. 20. Block diagram of superheterodyne receiver. 
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The superheterodyne receiver has the essential components 
of a t.r.f. receiver, with a frequency converter and intermediate 
frequency amplifier in addition. The frequency converter consists 
of an oscillator and a modulator. By means of a gang capacitor, 
oscillator and t.r.f. circuits are tuned simultaneously. 

Operation in brief: The incoming r.f. signal f is mixed with 
slightly lower or higher frequency from the local oscillator/ 0 . 
When mixed, the sum (/„+/,) and difference (/„-/,) frequencies 
are formed. By suitable arrangement only difference frequency is 
extracted. The difference frequency (/ 0 — f), known as intermediate 
frequency, is then further amplified by the I. F. amplifier. The 
output of this stage is then applied to second detector where 
rectification and a.f. amplification takes place simultaneously. 
Audio frequency output is again amplified by the next stage and 
then applied to a loudspeaker. 

Description of Individual Stages : A complete circuit diagram 
is shown in figure 21. In previous chapters of demodulation, 
amplification etc., we have discussed fully the mechanism of these 
operations. In this article, therefore, we shall discuss converter 
stage in detail while simply mention other stages. 

(a) R.F. Amplifier : The r.f. circuits are used primarily for 
eliminating certain forms of interference common to this receiver. 
This is known as preselection stage. R.F. amplifiers are generally 
operated with untuned primaries and tuned secondaries and 
employ pentode tubes. This stage leads to : 

(/) better selectivity, 

(//) improved signal to noise ratio, and 

(Hi) good image frequency suppression. 

In circuit diagram, pentode tube 6K7 is used for this stage. 
Combination of resistor /?, and capacitor Ci provides cathode 
biassing voltage. /?,, is the resistance to give suitable screen grid 
voltage. The output of this stage is coupled to converter stage by 
means of a transformer. 

(b) Pentagrid Converter : Mixing operation of this converter 
has been discussed already in art. 36-7-2. All the advantages of 
superhet set arc based on the fact that frequency of various r.f. 
input signals is reduced to a fix difference frequency called inter¬ 
mediate frequency. This need for frequency conversion is fulfilled 
by means of a pentagrid converter. The converter section is 
shown in fig. 22. 

Grids I, 2 and cathode, work as the components of oscillator, 
Grid 2 acts as anode for local oscillator containing coil Li connec¬ 
ted to high tension through a resistor R 2 o-Rif C,. combination is 
autobiassing arrangement. Radio frequency signal after preselec¬ 
tion by r.f. amplifier stage is applied to the grid 4 by means of r.f. 
transformer To. 
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When high tension is switched on, the local oscillations are 
set up in the oscillatory circuit which send oscillatory electron 
stream towards grid 3. The r.f. signal applied to grid 4 further 
modulates the electron stream. The plate current of 6^48 will then 
contain ; 

(0 the r.f. signal frequency /„ 

(//) the oscillator frequency/ 0 , 

{Hi) sum of oscillator and signal frequencies, i.e. {f 0 +fs)> 

(iv) the difference of r.f. signal and oscillator frequencies, i.e. 

09 other frequencies due to combination of harmonics of 
above frequencies. 

For example, r.f. circuit is tuned to 550 kc/s, and the oscillator 
is tuned to 1,015 kc/s, then plate current will have frequencies 
550 kc/s, 1015 kc/s, 1565 kc/s, and 465 kc/s, and harmonics of 
these frequencies. We require only difference frequency 465 kc/s. 
In practice, the output load for the converter is a resonant circuit, 
tuned to the intermediate frequency (465 kc/s) which will result in 
acceptance of the 465 kc/s current and rejection of currents of all 
other frequencies. The local oscillator is arranged such that the 
component (/ 0 -/,) is always equal to the intermediate frequency 
465 kc/s or 455 kc/s in home receivers. 

(c) I.F. Amplifier Stage : The anode load of converter stage 
consists of a tuned transformer in which the primary and secon¬ 
dary are tuned to the intermediate frequency. The transformer 
offers high impedance to the valve at the desired intermediate 
frequency and a low impedance at other frequencies. This i.f. 
output is applied to the control grid of the tube 6K7. The load of 
this stage is again an intermediate frequency transformer. 

These input and output intermediate frequency transformers 
of this stage, each with tuned primary and tuned secondary, have 
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To*f£ 

5 *7 




TU&£ «/6 


6SQ7 



S^ofeactwindingis generally about 10 millihenry, requiring 
a capacitance of about 120 ppF. 

The stage provides better gain and high selectivity. 

(d) Second Detector Stage ^ete'tion A V C ■CF_ amplifi¬ 
cation) : This stage-employs a duodiode-tnode tube 6SQ1. 

The function of various resistors and capacitors can be pointed 

and /?■„ serves as grid load resistor. 

The operation of the circuit is quite simple. At the positive 

peak of intermediate fro npf 

quency signal the diode 
plates attract electrons 
from cathode. These flow 
through the secondary 
windings of the r.f. trans¬ 
former, through R u filter 
resistor and through R t i 
resistor for volume cont¬ 
rol, returning to cathode. 

For modulated wave, the 

rectified diode current will 

have both d.c. and a.c. 
components. 1 he desired 

amount of a.f. voltage is . 

picked off by the tap on |:jg. 23. s cCond detector section oi the 

STd a'Scd.oXTrirJ <>f the .riodc-TS serves as firs, audio 
amplifier The rectified d.c. voltage across H,, acts through R : , 
fiUe P r esistor in the a v.c. bus to control the grid potential of 
tubes of previous stages. As the signal strength at the antenna 
increases" more signals will be rect.hed by the diode and a g, eater 
negative bias will be applied to the grids of controlled tubes. The 
change of bias reduces the gain of previous stages with the result 
that the output of the receiver changes by much smaller ratio than 
he innut Thus a uniform response is obtained by the receiver. 
For very weak signal reception delayed a.v.c. is p.crerred in receiv- 

ing sets. 

The output of this stage is applied to next amplifying stage 
through RC coupling. 

(e) Final A.F. Amplifier : The amplified input from second 





MlWMui 

nmiWirrT 
*3, ± c 


VOLUME CQrtrMX 
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detector stage is amplified by it and then the output is coupled to 
a loudspeaker. The tube used is 6V6. 

(/) Power supply unit : A full wave rectifier tube 5Y3 is 
used. Combination of C 15 L n serves as filter. The required out¬ 
put is taken from various tappings on output load resistor. 

(g) Tuning Indicator : The commonly used tuning indicator 
in broadcast receivers is electron ray tube, also called a magic eye 
or a cathode ray indicator tube. Fig. 24 shows the circuit connec- 


Triode Plate 
Tnode Grid 


0 —WWV 



ifij. 


Vourescent 

Target 

/toy Controlled 
Electrode 


Cothode 


■o HT 


Fig. 24. Cathode ray indicator. 

lion of such a tube. As shown the tube consists of two parts: 

(/) a triode section consisting cathode, grid and plate which 
together work as d.c. amplifier. 

(//') a flourescent coated target and the ray control electrode 
connected internally to plate of triode section. 

The tube in the receiver is mounted in a manner that the 
fluorescent target is visible to the viewer. When electrons are emit¬ 
ted from cathode then their flow to plate is controlled by grid while 
their flow to target is controlled by the potential of ray-control 
electrode or potential of triode plate (as both are interconnected). 
When electrons strike the target, it gives faint green fluorescent 
light. When the ray-control electrode and the target are at the 
same potential, the target will be evenly illuminated or may have 
small shadow sector but if ray-control electrode is at a less poten¬ 
tial than target (i.e. negative with respect to target ), most of the 
electrons are repelled back by the electrostatic field of this electrode 
and only a few electrons reach the target so that illumined area of 
the target decreases (shadow increases). 

Triode control electrode i.e. grid is connected to the a v.c. line 
of the receiver. When receiver is correctly tuned to a station, a.v.c. 
voltage attains its highest negative value so that, grid being most 
negative, plate current decreases to its lowest value. Therefore d c. 
vohage drop across resistor R decreases to its minimum value. 
This in effect increases the potential of ray control electrode to 
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maximum value. Thus most of the electrons will impinge on the 
“and its maximum area will he illuminated . r. shadow:area 
will be minimum. Thus smallest shadow area is an indication of 

correct tuning. . , . ... 

(A) Tone Control : This is used to adjust relauve amphtudes 
of higher frequency tones in the audio output of the receiver 
according to V taste of the listener. The commonly use ^ arra " ge ' 
ment for tone control consists of a series combination of a fixed 



Fig. 25. Tone Control. 

Sn«:f “.h.“in S r i. I..,. r-jx'ars 

terms are increased. 


INTERMEDIATK frequency CIIARACT ERISTICS : 

While choosing intermediate frequency for the set. we keep 
two main considerations in view : ... ... 

(/ ) f()r ,hc rejection of image frequency interference, higher 
values of i.f. should be preferred. 

(//) for better gain and selectivity, low values of . f. should 


he chosen. 

Therefore, lor a compromise between two considerations, we 
can not choose too high or too low a value ol intermediate freque¬ 
ncy. In different receiving circuits. different i.l. values are used as 
tabulated on next page : 

We consider the choice of intermediate frequency in view of 


the following main points : 

(a) linage Frequency Interference : With a certain value of 
oscillator frequency, it is possible to obtain same intermediate 
frequency with two different carrier frequencies. Suppose the re¬ 
quired station sends carrier frequency of 100 kc/s. and oscillator 
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Receiving sets 

Most widely used i.f. 

A M. Broadcast receiver 

455 kc/s. 

F.M. Broadcast receiver 

10 7 mc/s. 

Television receivers 

Radar receiver with carrier frequency 

j Picture carrier-26 mc/s 
t Sound carrier—2P5 mc/s. 

in u. h.f. and s.h.f. range 

0 to 60 mc/s. 


frequency is 1030. The i.f. produced will be 30 kc/s. For another 
station sending 1060 kc/s. carrier frequency, oscillator frequency 
being the same, i e. 1030 kc/s. the i.f. produced will be again 
30 kc/s. This undesired i.f. due to second station is called the 
image frequency signal. This probability of image frequency inter¬ 
ference will obviously decrease if we choose higher value of inter¬ 
mediate frequency. The effect of image frequency signals may also 
be eliminated by the use of one or more pre selection stages. The 
ratio of the output from the desired r.f. signal to that from un¬ 
desired r.f. signal is called signal to image ratio. The image fre¬ 
quency effect becomes important in short wave receivers. 

(b) Selectivity : Selectivity of stations on adjacent broadcast 
channels is improved if we use low i f. values such as 130 kc/s and 
262 kc/s. This can be shown easily by expressing the difference in 
frequency between stations on adjacent channels as a percentage 
of the frequency at which tuning and amplification take plade. Sup¬ 
pose 10 kc/s is difference in frequency between stations on adjacent 
channels : then percentage of frequency for an i.f. of 130 kc/s, will 
be 7-7% For 262 kc/s, i f. it will be 3 8% and for 455 kc/s, i.f., it 
will be 2-2 percent. Thus it shows that for better selectivity low 
i.f. values should be adopted. 

(c) Tuning ratio : The intermediate frequency can be obtained 
by making the oscillator frequency either lower or higher than the 
r.f signal by an amount equal to intermediate frequency chosen. 

But as regards tuning ratio, it is advantageous to keep the oscillator 
frequency greater than the r. f. signal. Suppose we require the 
receiver to operate over a r.f. range of 550 kc/s to 1600 kc/s and 
maintain 465 kc/s. as intermediate frequency. Then the oscillator 
will have to be tuned from 85 to 1,135 kc/s. if the oscillator is to 
be kept lower, or from 1,015 to 2,065 kc/s. if the oscillator freque¬ 
ncy is to be kept higher. We see that in the former case tuning 
ratio is 13 to 1, while in latter it is 2 to 1. For this reason in most 
broadcast recivers oscillator frequency is higher than r.f. signal. 

(</) Spurious Responses : Harmonics generated in some sec¬ 
tions of receiver produce interferences at its output. These inter¬ 
ferences are generally named as spurious responses. The principal 
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sources of these responses are : (I ) harmon,cs of the intermediate 
frequency generated by the second detector, (2) harmonics of the 
incoming r.f. signal generated in the converter tube, (3) reception 

of r.f. signal of a transmitter operating at a frequency equal to 

intermediate frequency. For elimination of these effects receiver is 
carefully designed. 

Alignment of Superheterodyne Receiver : In aligning super¬ 
heterodyne receiver we proceed from last a.f.output stage l0 ^ ar( * s 
antenna. Therefore the order in which the circuits are aligned will 

be as follows : 

(1) The l.f. amplifier circuit. 

(2) The oscillator circuit, or 

(3) The r.f. or preselector circuit. 

Aligning I.F. Amplifier Circuit: An output circuit is connected 
across the secondary terminals of output transformer and is 
kent connected throughout the alignment procedure W hilt tuning 
i Circuit, the local oscillator and automatic volume control should 

be made inoperative. A signal generator is ^Hts hi X \\a c 
uround terminal to the chassis of the receiver and its high side 

i«« »» output mctiT. When the i.f. 

s£ I “ wSMRttS saifi Sr 

output meter. 

Aligning the Oscillator and R.F. Circuit : Now local oscillator 
is made operative. With the signal generator still connected to 
hcTf control arid of MX. set the rcce.ver dial and the signal 
'ncr Urn’s frequency each to a value near 1400 kc '• hut not to a 
noim at which a station is received and adjust the osc.l ator trim¬ 
mer capacitor C 6 to obtain maximum indication on the output 

The local oscillator and preselector circuits can also be adjus- 
Icd by connecting the signal generator output to the antenna 
terminal through a 2(H) ,„,/■• capacitor and then 'Citing the receiver 
and signal generator frequency near 140(1 kc/s., we adjust he 
trimmer capacitors C., C,. C. for the maximum indication on the 
output meter. 

The local oscillator must also be adjusted for some value at 
the low frequency end of the dial. 1 he low frequency alignment 
may be made by setting the receiver dial and the signal generator 
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frequency at 600 kc/s. The oscillator padding capacitor C 7 is then 
adjusted to obtain maximum indication on the output meter while 
gently rocking the ganged capacitors back and forth to keep the 
signal tuned in. The low frequency adjustment should be made 
only at the padder capacitors and no adjustment of trimmer capa¬ 
citors. 

Tracking: For tracking the oscillator circuit of the super¬ 
heterodyne receiver with the preselector circuits, padder capacitors 
are employed. All the ganged tuning capacitors are of the same 
construction. The capacitors used to tune the r.f. circuits must 
have a greater range than the capacitors used to tune the oscilla¬ 
tor, the reason being that as the oscillator is tuned to a higher 
frequency, the ratio of high to low frequency values is less for the 
oscillator than for the r.f circuit. In order to use identical capa¬ 
citors for all the tuning circuits, padder capacitor is connected in 
series with the original tuning capacitor to reduce the ratio of the 
maximum or minimum values of the series combination. Padder 
is made adjustable for tracking procedure. Radio receivers may be 
designed so that exact tracking will be obtained at these frequen¬ 
cies in the band and satisfactory tracking also provided over 
remainder of the band. 

36-9. TRANSISTOR RECEIVER CIRCUITS : 

The basic principles and circuit applications using vacuum 
tubes, described earlier, for local oscillator, frequency converter, 
and i. f. amplifier can also be applied to similar transistor appli¬ 
cations. 

36*9-1. CONVERTER CIRCUITS (Mixer circuit): 

A transistor converter circuit consists of an oscillator and a 
mixer. The mixer section is shown in fig. 27. Through C, and R u 
input from i.f amplifier is fed to the base of CE transistor. The 
required positive base voltage is obtained from the voltage 
divider R x R 2 . R 2 is to provide stabilisation of the collector 
current. 
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The incoming r.f. signal of frequency,/,, is mixed with local 
oscillator signal of frequency, /„, ^^^r^i'^ioT onhis'adS 

5 JKSS ^The base 
both r f g in P pu. and oscillator signal- 

will vary at both r.f. and oscillator signal. The difference frequency 
(fo~f) is selected by if. transformer 

Autodyne Converter: 

It is a self oscillating mixer, i.e. t in it the same transistor 

sb srnrs *r*-ss£i - a- - 



Fig. 28. Autodync convener. 

** o,,u 'r'sjr-uii *»& 

L,C, constitute 0 , Energy for the collector circuit is 

desired oscillatorfrequency^/. deve|ops , f v0 |, age at , re . 

lev / S Th's oscHlalor signal is injected into the emitter circuit 
qucncy./o- This osc cmj|ler diode current is modulated 

u y r innut and oscillator signal. The difference frequency 

is selected by output tank circuit /-A. Note that feedback 
fron/output via L, keeps the circuit L,C, oscillating. 

A dual gate MOSFET mixer circuit : 

The circuit is shown in fig. 29. The input r.f. signal is fed to 
The circui voltage, from a separate oscillator 

one gate and .° ond gaIC through C«R> coupling. This 

minimises [he [hanccs of interldon between, two input signals 
FFT is biased into its non-linear region using source bias/? 3 C 3 
cfJk Lrion As a result, drain current is distorted and will con- 

ss^ry^rras 

frequency. 
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I. F. AMPLIFIER CIRCUITS 2 

A single stage i.f. amplifier is shown in fig. 30. I. F. amplifier 
is a fixed radio frequency amplifier. Jt rejects adjacent unwanted 
frequencies. Since i.f amplifier operates at a fixed frequency, the 
double tuned inductively coupled circuits can be used for improved 
band pass action, and for better selectivity it is also necessary that 
Q of the transformer is maintained. Compared to vacuum tube 
circuits, in transistor i.f. amplifier stage, there are two main 
problems: 

(/) Loading problem : The high output impedance of one 
stage is to be matched with low input impedance of the following 
stage. It is done by 

(a) tuning the primary circuit of each transformer to the 
desired frequency by variable inductance and fixed capacitors C, 
and C 4 . 

(b) having the secondary circuits of each transformer un¬ 
tuned, and 

(c) tapping the primary winding of each transformer. 

(/'/) Feedback problem : The collector to base capacitance 



Fig. 30. Single stage i.f. amplifier circuit. 
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of the transistor may be high enough to cause undesirable feed¬ 
back. Therefore neutralising circuits are to be used to achieve 
stability. 

In circuit of fig. 30 proper forward bias is obtained by the 
voltage divider network R t R 3 and degeneration is minimised by 
C, and C 3 . For high Q (better selectivity) i.f transformer should 
have an output resistance of about 25 k.O. Further collector is 
connected to a tap on primary winding of i f. transformer and not 
shunted across the entire primary winding so that selectivity is 
not seriously affected. The desired circuit Q and proper impedance 
match can be obtained by selecting the correct position ol the 

tap. 

Usually it is impractical to use a single stage i.f. amplifier due 
to low detection efficiency at low signal levels and also due to band¬ 
width consideration. Belter gain, bandwidth anil select ml) is 
obtained with two stages of i. /. amplification. 

Neutralising Circuits : 

When collector to base capacitance ol the transistor, being 
used, is large enough to produce undesirable feedback, neutralising 
circuits are then used. Neutralisation of ,.f. ampliher stages may 

be accomplished by connecting a feedback capacitor C. from the 
base of the transistor in one stage to the base ol the transistor in 
the preceding stage. The value of this capacitor is given by 

C„— nC„ 

where C is collector-base capacitance (in pF) and n is the turns 
ratio (between the tap on the primary and turns on the secondary 
of the i.f. transformer). 

Automatic Cain Control : Refer to art. 35 5. 


DETECTOR CIRCUITS : 

The crystal diode as a half wave rectifier is frequently used in 
a in detectors. Their operation as an a.m. detector lor transistor 
radio receivers is the same as lor vacuum tube radio receivers. They 
olfer the advantages of (i) small size, 00 low internal capacitance, 
(iii) low dynamic resistance, (iv) high frequency and (v) requiring 
no operating power. Refer to chapter on demodulation. 

36 9-2. TRANSISTOR RADIO RECEIVER CIRCUIT : 

Kefer lo (he circuit of fig. 31. Il uses foui transistors (NPN 
type) and one diode (second detector). This unit has live stages, 
described as follows : 

(i) First Stage : It is an autodyne converter (transistor Q x ). 
Resistor R 2 (=10 k SJ) in emitter circuit is to provide dc stablisation 
against temperature changes etc. The positive voltage that emitter 
current develops across R t is counterbalanced by a positive voltage 
fed to the base from the battery. Resistor R* ( = 2 2 kf2) provides 
proper biasing voltage for the collector of Q x . bypass capacitor 
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c, (=0-001 keeps .he signal cutrents out of dc supply 

source. a n\ 

(li) Second and third stage (transistors Q 2 and Q z ) : 

There are two i.f. amplifier 

attain better gain, bandwidth and el ^ djng sla „ e l0 

VSiZSmSSSi •! '*;;»* Stfgtf 

sjyas- c - 

capacitors, each of value 10 pr. . 

jwrifws » ft®’* c - *" d 

C " E«,i»r «*» *<-«*»«- “» pr0, “' 

stabilisation. alM j/; receives its operating 

Each of the col£*«£. ^ jnJ ^ c„ and 

voltage through a 2 - K-. d pp t pacilors (each 0 001 ,iF). 

Cu arc Recoup ^anah^^n, dtflcctor beyond 

(iii) Fourth stage . ( /> -2 kf2) for the detector is 

second i.f. stage- The jwd 1 va|u ( c of lhis rc sistor is needed to 

the volume control. The I ^ ^ ncx| audio slagc 

match the input P amplifier (G«) ■* an aud, ° fr0( l ucncy 

(iv) \oltage divider network R n 

amplifier. Base bias is. P' . , hr0U g|, /t IS (= I kQ) resistor, 

and *,»• I he emitter t co „ cclor impedance of Q x . 

The output transformer mauncs 

36 10 SINGLE SIDE BAND RECfcIV ER . 

, . ini iiion of a single side band signal, carrier is to 
For the I hen demodulation ol SSB signal is 

be reinserted at the, r (hc n . cC j vc d waveform using a local 

carried ou by modu* £ carricr frequency as illustrated in hg. 
oscillator lor generalng *»«- c ( /. < a > SSB signal 

32 ( b ). I he ,oW "' r ^^ whcn modulated with reinserted carrier./,, 

,npul al ‘ ‘Vm .nper sideband of frequency 2/. -/«, »nd a lower 
will produce an uppe | owcr sideband is required, 

circuits. 

UPP A balanced modulator, shown in lig. 33 (o) may be used for 
1 I ■ n „r vS 'II signal The carrier frequency generated by 

*7 d “ Tcillatof fs re 8 -in‘er.cd a. the centre taps of the .ran*- 
the local osc l ai r VV fl signal is applied to the transformer 

r'The potentiometer /' known as the carrier leak control is ad- 
incted until the minimum carrier output is obtained H» metal 
J . r r k emnlovcd because of its small impedance when forward 
£d and -y large impedance when back-biased, so that the 
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(a) Modulation (6) Demodulation 

Fig 32 SSB demodulation. 


Meto/ rectifier 



Fig. 33. (ci) Balanced modulator for demodulation of SSB signal, 
output waveform is produced by the sideband being switched on 
and off at the carrier frequency. This output waveform contains a 
component of the original modulating signal. 

The re-inserted carrier as required for the demodulation of 
SSB signal must have : 

(i) same frequency as the original suppressed carrier, 

(ii) same phase, and 

(iii) requisite strength. 

For this requirement the two carrier oscillators-one at trans¬ 
mitter and other of receiver must be in perfect synchronism other¬ 
wise the frequency of the demodulated output signal (audio) will 
be changed as discussed below : 
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Let the carrier of the sending end be 
e c =E c cos u>d 

and the modulating signal be 

e m =E„ cos ojJ. 

then the modulated wave is 

e=E c (1 +w»« cos cos Wtt 

= £ c COS cos («,-«-> '+V C0S ( “‘ +U '"' ) ' 

If the carrier and upper sideband are completely suppressed a. 
the transmitting end then transmitted wave 

cos '• 

waveform available for demodulation is 

e ,=£, cos (•ti+D+T^ L0S 
=Ec cos oi,l cos 0-E, sin w.t sin tf 

i ' ,l » E < jeos o,,l cos <«„,/+sin w.f sin w,.,/] 

=[£ t cos 0+ m -y‘ cos «-/] cos »,t 

_[£, sin sin «„/] sin 

L ’ nif E,'- , . 

J £,* cos’ 0+m. Er cos 0 cos i — 5 - cos- w 

L +£,* sin* 0 -nia Er sin 0 sin u> m t 

+ sin* J ‘ cos Ki+«). 


where a = tan 


I~ sin 0—j sin o» m t 

|fV« , 

COS 0 + y cos 


-J 

£<’ cos (c-r+ff)] 1 '’ cos (u><f+«) 

if depth of modulation is small so .ha, », < I and V «*« 
is ncalected as compared to L c then 

8 p =[ £ c « + m u E* cos (v.-M-fl)! 1 ' 1 ccs («Ml«) 

which, on expansion by binomial theorem, gives 

c,=[ £ e +^^ cos (w„t+») ] cos (w,r+a) 
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-Ec £ 1 +y COS (w n t + 0) J COS (<o c /+a). 

to modulating signal'a' SfvaS^e 

3fS S coScf posit' ?f 1 l°:X°Zl 

of o d utnu moHM a Var,eS ac l cording| y- A slow variation of phase 
d latlng Slgnal aI ,be receiving end with respect to 

mil f*T ,,,,ng end , with ,imeis equivalent to a change in 
modulating frequency. In other words, the two carrier oscillators 

Ed S othe™ en f andreCeiV 'r ng u nd) shou,d be « a =Hy synchro¬ 
nised otherwise frequency of the derived modulating voltage at 
the receiver output will be changed. 8 Voltage at 

re inserteH ^°- main,aia lbe condition m. < I, the amplitude of 

Th ^is mnnrtamoTh * CnoUgh with res P ec ' >° sideband, 
i nis is important otherwise harmonics of modulating signal will 

appear at the output of the receiver, causing distonlon. 8 
A PRODUCT DETECTOR : 

excem de ! ec ! io \ of SSB si g" a '- It is a mixer stage 

excep Ibat SSB-IF input plus the carrier frequency input from a 

crystal oscillator produce 

an AF output instead of c * 

an IF input. Any mixer 
circuit will operate as a 
product detector. One 
such circuit is shown in 
fig. 33 ( b ). The carrier 
frequency, generated by 
local oscillator, is re-inser¬ 
ted along with SSB-IF 
signal (f c ±f m ) into the 
detector circuit. 

In the circuit shown, 
the input SSB-1F signal 
(fc±f f ,) is fed to the gate 
of a double gate FET 
(via a fixed frequency IF 
transformer delivering 
fc±fm) t while the carrier 

frequency signal (derived Fig 33 (6) . A product deIector . 

rrom y a circuit) is applied to another gate. The separate oscillator 

mivpH l S H SCd f0r , 8 r 00d * re .<l uenc y stability. The two signals are 
mixed and several frequencies result in the output circuit of T t . 
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Capacitor C, is small en° u g h frequency 

c ■» ,ht °" ,pu ' 

load. Thus AF output is obta.ned. 

SSB A sIb receiver block diagram is shown in fig- 34. 



Pic 34 . SSB Receiver. 

« k in — 13-103 nicls) is amplified by r.f. 
The input signal mixcr w herc it is mixed with local 

amplifier and then fed rs j beat frequency 31— .V103 me Is, 
oscillator frequency 1° "' c ' > o jn , crrnct liaCc frequency amplifier. 

thus produced, is then furlhcr heterodyned in second mixer 

This amplified i.f. *£"*' f rcquc ncy (3 me is) to produce a lower 
with second « al os f ' fi n amplified and fed to amplitude 

i.f. of 100 kcls. This bjned with reinscitcd 100 kc/s carrier 

demodulator where it , . or< j cr ( 0 keep m* < 1 so that 

(corresponding to P^, c, ’ av n ”- s inaccordance with the 
envelope of the 0 f,he reinserted carrier is kept 

uS n tm°pS with the Amplitude of single sideband. The 
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di?d i e a d l e“c!or latin8 S, ' 8 “ l “ received b * the conventional a.m. 

■ f 0 , 1 ! 3 ' 111 reproduction of signal it is required that the 

be 7" h,n 10 ?*!** of,be original one. For this 
the output of second mixer which consists lower i.f .(100 kc/s). 
also caHeri pilot carrier, is fed to a crystal filter which extracts 

'°° k n c ± ™r ei v ° lla f . This 100 kc/s pilot carrier is amplified 
and passed through a limiter circuit to remove fading. This gives 
a constant amplitude carrier for reinsertion. Further, frequency of 
this pilot carrier is compared with a locally generated 100 kc/s 
oscillation from a crystal oscillator in an automatic frequency 
control system. If there is any difference between the two frequen- 

l en . a tor ^ ue , IS a PP ,ied '0 f w° Phase motor which drives a 
small tuning capacitor of second local oscillator in such a direction 
Si? * fre 3“ enc y, so that i.f„ after second mixer comes 

at inn it T hUS P 1 ' 01 carner fre£ iuency is also maintained 
nL lio. r Theref o re .either this frequency (switch 1) or crystal 

rvnltln f r qUenCy (s * dch ' 2) ma y be used as re-inserted carrier. 
Generally latter is used because of freedom from noise and rapid 
variations of phase with selective fading. 

3611. F.M. RECEIVER : 

These days f.m. receiver, that overcomes the disadvantages 
encountered in a.m. broadcasting, finds extensive use in broad¬ 
cast services. The carrier frequency in f.m. system can be varied 
over a wide range than the extent of the signal components. In 
frequency modulation broadcasting, the standard deviation is 
*c/r. when high quality signals are to be transmitted, while 
u y j pollce communications employ a deviation of 1 kc/s. 
l-.M. broadcasting stations operate on assigned frequencies rang¬ 
ing from 88 mc/s to 108 mc/s. 

RECEPT?ON TY 0F F m ‘ reception over a - m 

I. Frequency band : The bandwidth in the case of f.m. 
receiver are broader as compared to a.m. receiver. Bandwidth 

a K!f S u V,l V he lype ofscrv,tes for wh, 'ch the receiver is intended. 

stations operate on band frequencies ranging 
om 540 to 1600 kc/s, while as stated above f.m. stations operate 
on assigned frequencies ranging from 88 to 108 mc/s. These 
frequency ranges have been assigned by F.C.C. 

Selectivity : Selectivity depends upon the ratio of channel 
width to carrier frequency which is greater in f.m. receivers. 

selectivity ^ reCC,Vers wil1 have a Skater adjacent channel 

3. Noise Reduction : F.m. receivers have greatest advantage 
ol suppressing external noise in comparison to a.m. receiver. This 
noise can be : 
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(/') noise picked up by ihe anienna from passing noise or 
‘static’ radio fields. 

(/'/) thermal noise generated by the resistance that the antenna 
system presents to the input terminals of the receiver, and 

(///) noise generated within the receiver consisting of circuit 
(thermal) and tube noise. 

The superimposition of the noise over f.m. wave will cause 
fluctuation in amplitude and likewise produce phase variations. 
The noise contained in the wave can be prevented from producing 
appreciable noise in the output of receiver by 

(/) employing a limiter or ratio detector so that the ampli¬ 
tude variation are smoothed out. and 

(/'/') using a frequency deviation at the transmitter so great 
that, for full modulation, the frequency deviation is large compared 
with unity, which, inturn, helps to suppress the fluctuation due to 
phase variations. 

Thus the output of the receiver is practically free from noise 
due to static. 

4. Image Interference : Image frequency interference is caused 
by the signal having the frequency double that of intermediate 
frequency. In f.m. receiver intermediate frequency value is very 
high of the order of 10 7 mc/s : so double of this frequency will 
be 2T4 mc/s which exceeds the complete span of f.m. band of 88 
mc/s. to 108 mc/s. Thus image frequency interference is rare in 
f.m. receivers 

5. Reduction of Co-channel Interference : When two fre¬ 
quency-modulated transmitters located within the range of a 
receiver are operated on the same frequency, then stronger signal 
tries to suppress the weaker signal almost completely. As men¬ 
tioned above in noise reduction, with f.m. receiver it is possible 
to separate the signals of two stations operating on the same 
frequency, if the interfering signal is not greater than fifty percent 
of desired signal. 

6. Fidelity : Ihe essential requirements for good fidelity set 

arc : 

(/) the set must be practically free from hum, 

(//) the reproduction must be practically free from harmonics 
and intermodulation frequencies at all volume levels. 

(///) the electrical characteristic must be practically uniform 
over a wide audio range, and 

(/V) a good loudspeaker must be provided. 

F.m. receiver satisfies all the above requirements to a greater 
extent as compared to a.m. receiver. Therefore f.m. receiver has 
good fidelity, particularly because of suppressing noise to 
minimum. 
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BLOCK DIAGRAM : 

A block diagram of basic receiver is shown in figure 35. F.M. 
system usually employs superheterodyne type receiver, which as 
shown in block diagram, includes r.f. amplifier circuit, converter 
circuit, I.f. amplifier section, f.m. detector and audio amplifier 
section connected to a loudspeaker. 


Antenna 


R.F 

I Amplif/er\*\ 


Conver¬ 

ter 


IF. 
*\Amph- 
I fier 


Limi¬ 

ter 


Discn/m- 
nator 


A.F 

Ampli¬ 

fier 


w 

LS. 


LOCO/ 

Oscilla¬ 

tor 


Fig. 35. Block diagram of f.m. receiver. 


DIFFERENCE IN F.M. AND A.M. RECEIVERS : 

F.M. receiver differs in the following respects from medium 
and high frequency a.m. broadcast receivers : 

(/) The carrier frequencies are much higher. 

(//) The bandwidth is wider to accommodate the wide swing 
of the signal and the drift of the local oscillator. 

(///) The intermediate frequency used is higher being oft e 
order of 10*7 mc/s. 

(A) The r.f. amplifier may contain one or more limiter stages. 

(r) Frequency-sensitive device to reproduce the original mod¬ 
ulating signals is used in place of a.m. detector. 

(W) De-emphasis circuit is employed alongwith tl J e audl0 
circuit to remove the pre-emphasis inserted at the transmitter. 

(iff) For good fidelity, appropriate loudspeaker is provided. 


OPERATION OF F.M. RECEIVER : 

The limiter and discriminator stages of f.m. r if iv r e / o ^ a t V L^ e " 
described in the previous chapter of detection. The stag 
limiter are also similar to their counter-stages in a.m. receive 
except some differences in the design of the circuit and tubes used. 
Therefore we shall not discuss much about f.m. receiver. 

Due to some differences in the stages previous toJimiter,wc 
shall explain here the front end portion (the se<:ti°n ofthienece 
which first acts upon the received signal) of f.m. receiver in bn 

Figure 36 shows the front end portion of f.m. receiver. 
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The front end employs three tubes : 

(/) a pentode VT X used as r.f. broadband ground cathode 
amplifier. 

(//) a triode mixer VT tt and 

(///) a twin triode VT % of which one section is used as a tuned 
grid oscillator and the other section as a variable reactance tube 
for the a.f.c. circuit. 

The antenna coupler C.C.i, is of unbalanced type and its r.f. 
signals are coupled to VT, by C, and R>. The rX amplifier has 
wideband response and increases the strength of all signals in th 
f.m. band; its output is coupled by C 5 to the tuning Circuit 
L 3 C c ,C,. The rX. tuning circuit selects the signal of one station 
and rejects all other ; the signal of the selected station is fed o 
the grid of the mixer tube VT+ VT U operates as a tuned grid 
triode oscillator that is tuned by I S C„C U . J he oscillator signal's 
coupled to the grid of the mixer tube by C,. Capacitors C« an 
Ci 0 are mechanically controlled by single tuning dial. VIu 
operated as a variable reactance tube which |S coupled to the 
oscillator tuning circuit by C, 3 and keeps the oscillator freque y 
constant. 

Description of Individual Stages : 

(/) Antenna and its coupling units : The type of the antenna 
used with f.m. receiver depends upon the distance of broadensting 
station from the location of receiver. When the receiver is “ 
in strong signal area, a self contained type of aotenna hav' g 
inherent ability of power lines to pick up radio signals is emp ? 
ed. In weak signal area, a commercial type of outdoor antenna 
used. j 

The antenna coupling unit is a net-work of inductance capa¬ 
citance and resistance located between the input °f. lhc t “ s ! IU 
and the signal input terminals of the receiver coupling the trans¬ 
mission line to the receiver properly. For improved see<c y 
and to develop maximum signal voltage at the input o 
tube, this line should be terminated by a resistive ,oad °‘ ^ ag " , h ‘ 
tude equal to the characteristic impedance of the line. 
side of the transmission line is at the same impedance above tne 

ground then it is said to be balance type antenDa coupler. 

(//) R.F. Amplifier : The r.f. amplifier stage increases the 
signal strength at the same frequency at which it is recei • 
functions of this stage are (/) to improve selectivity, (//) to. redu 
imace frequency effect, (///) to maintain appropriate signal t 
noise ratio. Since high carrier frequencies are e PP'oyed in ».m. 
system, the tubes used in r.f. sections are specially designed to 
minimise the difficulties that arise in high f ^ uen ^ y ^ 
circuits. Generally miniature tubes are used 
inter-electrode spacing so that electron transit time * 

(//) small electrode areas to avoid excessive inter electrod pa 
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tance (m) short leads to minimise lead inductance and power loss 

in leads. , .. . A 

The r f amplifier used in f.m. receivers are usually broad- 

freauenev to the mixer so that on combining with signal from the 

desired station it produces the required intermediate frequency of 
10 7 mc/s The prime importance in the design orthiscircui t 
he maintenance of the stable oscillations. Any frequency drift in 
he oscillator frequency will affect that ,.f. value appreciab y 

AFC circuits are used to keep the oscillator frequency cons- 
. . In fin.,re 16 V7,b acts as a variable resistance in an f.c. 

Hi?Essfcsrar-ss 

output at the f.m. detector. f . ™iiia*A r 

tiv\ Mixer stage: The voltages of both r f. and oscillator 
r A !nni ,>.l In the L-rid of tube VT t . The oscillator voltage 
is g madc Jelativdy d largcr than r.f. signal voltage which will cause 

sc n r1cs r of pu£ whose peaks will be modulated by relatively small 
r f ienal Therefore, the plate current will consist of pulses 
r.i. signal. ... f rcqucn cy rate and also the side-hands 

r;. r a“;K;o“i'S . >*!., , *. *• 

still contain r.f. signal modulations. ...... 

The transformer T, is tuned to select the lower s-de band fre- 
quency named as intermediate frequency which 10 7 mc/s. in 

f.m. receiver. . 

(v) IF Amplifier : The stage is quite similar to its countar- 
stage used in a m. receiver except that here it operates at higher 
frequencies, 10 7 mc/s and requires a wide bandpass. 

The rest stages of f.m. receiver have been discussed in previous 
chapter. For de-emphasis circuit connected at the a.f. output of 
the f m. detector, a simple arrangement is shown in lig. 37. This 
consists of a simple RC network connected across the output ol 
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Fig. 37. De-emphasis Circuit. 

the f.m. detector. The higher the frequency, lower is the reactance 
of capacitance C and hence signal amplitude applied to the audio 
amplifier will be relatively lower. The circuit, thus, removes the 
pre-emphasis inserted at the transmitter. 

The de-emphasis network can be separately sketched as 
shown in fig. 38. 


P 

A/WWA 


Pre¬ 

emphasized 

A .F. input 




A.P. 

output 


Fig. 38. De-emphasis networ . 

EXERCISES AND PROBLEMS 


1. Describe briefly a modulated amplitude type of a broadcast transmitter. 

2. Draw the block diagram of a typical f m. transmitter and explain the 
parts. 

3. Describe phase modulated type f.m. transmitter. Discuss the advan¬ 
tages. 

4. Give a circuit diagram with a brief description of the output stage of a 
radio telephone transmitter designed to work on shortwaves. The 
output of the transmitter is 10 KW, the carrier power, which is fed to 
a balanced transmission line of 500 ohms impedance. If the modula¬ 
tion is 100 percent, what is the maximum peak voltage across the 
output ? 

5. What are the principal advantages and disadvantages of high level 
modulation as compared with low-level modulation in a radio trans¬ 
mitter ? 

6. Sketch pre-emphasis network and discuss why it is necessary to increase 
the amplitudi of the higher modulation frequencies before modulation 
at the transmitter. 

7. Give the block diagram of an amplitude modulated radio telephone 
transmitter. 
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Describe how Ihe modulation is obtained with the modulated plate 
class C amplifier. 

Describe Ihe negative feedback amplitude modulated transmitter. 

8. Draw block diagram of a typical F.M. transmitter using reactance lube 
and explain the parts 

9. Select the correct answer: 

(a) It is not desirable to modulate an oscillator directly because of the 
(0 large power required by modulator ; 

(ii) non-linear output; 

(///) generation of sub-harmonics ; 

</v) incidental frequency modulation. i 

(b) The highest frequency stability is achieved by us.ng an oscillator 

#A^Hartlev (If) ColpiltS 

(«/) Crystal controlled (iv| Electron coupled. Ans. (H/> 
(C) Efficient r.f. amplification is achieved by using amplifiers of type 
m A (//) Class D 

,()„ Class C «» l ’ ush Pu " . AnS . m 

(d) Chief advantages of pre-emphasis circuit in F.M. transmitter is to 
(i) increase the carrier power ; 

(i'll improve the signal to noise ratio at low audio frequencies ; 

(,, 7 ) improve the signal to noise ratio at high audio frequencies . 

<iv) increase the bandwidth of sidebands 

(e) A frequency multiplier usually operates in 

(/) Class A <*> Cla “ B 

<«,') Class C (,'v) Pushpull. 

(f) Overmodulation of a transmitter signal is corrected by 

ment of the 

(/) R.F. amplifier. (.7) power amplifier. 

«ii) speech amplifier. ("I frequency doubler. 

10. Explain the principle of operation of a superhetrodyne receiver for the 
reception of amplitude modulated signals. 

Describe how the sensitivity and fidelity of a radio receiver are 

determined. .. f 

1, Discuss the factors affecting the choice of a proper intermediate tre- 

qucncy in a superheterodyne receiver. 

12. In what respects does the r.f. receiver differ from a m. receiver. Des¬ 
cribe front end portion of f m receiver. 

13. Explain the principles and indicate the advantages of superheterodyne 
radio receiver compared with the straight (U.f.) receiver. 

Explain the following terms : 

(aj Delayed automatic gain control, (b) Signal frequency tracking. 

(c) Cross modulation. 

14. Give the circuit diagram of a superheterodyne radio receiver. Explain 
the process of frequency conversion by pentagrid converter. Discuss 
the choice of intermediate frequency and the function of a v c line. 

15. A superheterodyne receiver is required to cover the waveband 200-500 
meters and the intermediate frequency is to be 4 5 kc/s. calculate. 


Ans. (lii) 


Ans. (lii) 
the adjust- 


Ans. (//*) 
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16. 


(a) the maximum and min mum frequencies of the beating oscillator, 

(b) the maximum capacitance of the oscillator tuning capacitance 
assuming the minimum value of 100 pf. 


Hint. 


and 
so that 


(a) /„,,=600+450= 1050 Kc/s. 
f„a.= 1500 +450=1950 Kc/s. 

(b) /= 2 „t/(LC) ' /m “=2SvC 




I 


2 ny/(LC, 

f ~mln _ Cmin 

f 2 max C ma x 


) 


M /1050\ 2 10xl0- 12 l 

\ 1950/ “■ C max J 

Indicate the false statement: 

(a) Straight receiver had the following drawbacks : 

(0 gain variation over the frequency coverage range, 

(/i) insufficient gain and sensitivity, 

(///) inadequate selectivity at high frequencies, 

(lv) instability; Ans. //a 

(b) If IF is very high : 

(/) image frequency rejection is very good, 

(i/) the local oscillator need not be extremely stable, 

(Hil the selectivity will be improved, 

(iV) tracking will be improved. Ans. (iv) 

(c) Main functions of R.F. amplifier in a superhet set is to 
(0 provide improved tracking, 

W permit better adjacent-channel rejection. 

(Hi) increase the tuning range of the receiver, 

(fr) improve the rejection of the image frequency. 

Ans. (/. ii, and Hi) 

Discuss the demodulation of single sideband system. What will happen 
if the carrier at the transmitting end and that re-inserted at receiving 
end are not in perfect synchronism. Give the block diagram of SSB 
receiver. 


18. Give and explain, sketching the ideal and typical curves, the physical 
content of, the definition of sensitivity, selectivity, and fidelity of a 
radio receiver. How is the sensitivity affected if a receiver is provided 
with an A.G.C. ? Describe a method to measure any one of the above 
mentioned characteristics. 

19. Explain the purpose of pre-emphasis, de-emphasis and the limiter and 
describe schematically how one of these is incorporated in FM trans¬ 
mission and reception. 
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introduction to radar 

AND 

TELEVISION 


RADAR 


The term ' Radar' is the abbreviation for 'radio detection and 
, d k not a single instrument but an electronic device 

tt&js&ttssizxsvsz* 

are impediments to vision. 

37 0. PRINCIPLE OF RADAR : 

Radar is a self contained unit including a powerful radio 
transmtuer and sensitive receiver. Powerful pulses of very short 
dura “on are set out in space by the radar transmitter. This radio • 
mcrev is bounced back to the sender system by a distant target 
which should be capable of scattering electro-magnetic wave in 

ran ^Thesc pulses are sent at regular intervals. For the measure- 

mcn , of long dismnee a 

‘,Xt In m ..VrVomes inoperation For a duration of micro-second 

and then remains inactive for the relatively long time of* sec¬ 
onds Thus the pulses are transmitted with a definite frequency 
called the pulse repetition frequency. 

37 1. BASIC ARRANGEMENT OF RADAR SYSTEM : 

A block diagram of a basic pulse type radar system is shown 
in fig. 1. For a simple description, its function can be stated as 

follows: 

(i \ i a rcc video pulses with a repetition frequency of several 
hundred per second are supplied by modulator micro-wave 
oscillator. 

HO The resulting r.f. pulses arc radiated by a highly direc¬ 
tional antenna to confine the radiated r.f. power in a definite range 
and direction. 

, IU x Since the same antenna is used for transmission and 
recent ion purposes, a duplexer is used to isolate the recemng unit 
Tom uong transmitting pulses at the lime of tronsnusston of radio 
energy to avoid its damage, and then to switch the antenna to the 


1590 


Hand Book of Electronics 


receiver in the intervals between the pulses during which the 
reflected energy is being received. 




Fig. 1. Block diagram of a simple pulse transmitter. 

(/») The received r.f. pulses are fed to mixer which converts 
them to l.F. pulses which are then amplified and detected to give 
video signals. 

(v) The signals are then fed to the indicator unit. It is essen¬ 
tial to synchronise exactly the indicator-sweeps with the transmitted 
pulses by means of triggers obtained from modulator. 

(v/) In searching the surrounding space for targets, the 
directional antenna is given a rotatory motion so as to point the 
energy beam in different directions. The range and direction are 
then noted by the indicator unit such as P.P.I. which is proper ly 
synchronised with antenna position. 

As shown in fig. 2, 
the direction of target is 
specified by two angles. 

One azimuth <f> which is 
the direction of the pro¬ 
jection of the radius vector 
on the horizontal from a 
fixed reference direction 
(usually taken as north) 
and the second elevation 
d which is the angle 
between this projection 
and radius vector r from 
radar to the target. 

37 2. AZIMUTH AND RANGE MEASUREMENT : 

The function of indicator : Indicators furnish the information 
about the presence and position of the target. Cathode ray tube is 
used as an indicator in pulse radars whose beam is modulated in 
intensity to show the presence of target and distinguish it from 



Fig. 2. Target direction specification. 
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other targets and deflected in position to indicate the angular posi¬ 
tion (azimuth and elevation) of the target. All these arrangements 
lead to class C indicator. We are mentioning here, in brief, the 
types of indicator which are commonly employed. 

~ * i j- . rfiAHSMrTTED 

Type A Indicator . . 

in this type of indicator, 
this beam of the cathode ray 
tube is deflected across 
the screen by the appli¬ 
cation of linear saw tooth 
voltage, synchronised with 
transmitted pulses, to the 
horizontal plates. The 
output of the receiver is 
applied to the vertical 
deflection plates. Thus 
the target signal may de- _ 

fleet the beam upward or Fig. 3. Type ^ indicator, 

downward The upward deflection is more commonly employed. 
The distance of the each pulse from the transmitter pulse on the 
left hand side, which sets of the linear scale, gives the range of 
he target as shown in figure 3. This type of indicator only reveals 
he presence and gives the range of the target. It does not give any 
KS aboul the angular position of the target. The greater 
advantage of such an indicator lies in revealing the nature ol the 
target by the strength of the received signal. 

Tvdc B Indicator. In this type of indicator, the cathode ray 
beam is modulated in intensity to indicate the target. This position 

of the resulting spot of 
light shows the range and 
azimuth of the target in 
rectangular co-ordinates 
as shown in fig. 4. The 
range is displayed verti¬ 
cally and azimuth hori¬ 
zontally. Since the scanner 

searches for target in 
range and azimuth only 
this type of indicator is 
usually suited to radars, 
employed for circular 

scanning over a limited 
sector. 

For such type of display, the beam is deflected vertically with 
linear sweep, starting at the bottom at the instant each pulse is 
transmitted. The reflected signal intensifies the spot i it is much 
above the noise. The horizontal deflection is obtained by feeding 



AZIMUTH 
Fig. 4. Type H indicator. 



1592 


Hand Book of Electronics 


the current proportional to the angular rotation in azimuth to the 
horizontal deflection coil from a potentiometer mounted on the 
scanner. Thus this indicator gives a distorted picture of space 
currents—projected on a horizontal plane before the radar. 

Type C Indicator : This indicator presents the target by inten¬ 
sity modulation and indicates the angular position (azimuth and 
elevation) of target in rectangular co-ordinates. It does not 
provide range measurements and should, therefore, be used with 
type A or type B indicator to furnish target information in three 
co-ordinate systems. 



AZtMlfrh 
Fig. 5. Type C Indicator. 

Plan Position Indicator (P. P. I.); This type of indicator 
closely resembles with type B indicator which presents the target 
by intensity modulation of cathode ray beam. P P I gives a 

ffwT S ff i0n throughout 360° or any particular sector 
desired, without distortion. In this indicator, a sawtooth timing 



Fig. 6. P.P.I. Representation 
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outwards from the centre. This saw $ y ^ thc 

with transmitted pulse that th , deflection of the spot- 

centre gives the targe, distance. direction 

caused by the saw toM'«•**"* moment. The control 

1 1 W f h, rfVof ca^odc ray tube is biased just greater than cut-off, so 
electrode of catnoae ray electrode the spot is inten- 

l !* at Lf h rtn:MWBd P a?inlth on a map. Magnetic deflecting 

S,fi ktCa?e rotated synchronously with antenna are employed to 
^hLve thc .adtTdencct.on. A P. P. I. P-sentanon .S shown ,n 

S 3 6 ‘ OPERATING CHARACTERISTICS OF RADAR 

SYSTEMS : t _ 

depend upon choice of indi- 

Ztwe^slIZ “nd hand-widlli of the receiver, and radiation 
pattern of antenna. 

cnoice v ems operate at frequencies from above 

1000 mS P «o about 70 ,W me/*. The use of such high frequencies 

h3S “at"suc^hig'li*frequencies a sharp and well confined radia- 
.ion bcam can be achieved with an antenna structure of relat.vely 

^'irSSe frequency, shorter, may be the transmitted 
pulses which provide good range resolution. 

Thc use of high frequencies also suffers with the 
main disadvantages; 

(/) noise figure increases more with frequency. 

(//) power generated in thc transmitter tends to be 

frequency is increased : 

Pulse Duration : ...... 

For eood resolving capabilities, short duration pulses in the 
, '_ narrow radiating beam should be employed. 1-or a good 

values of the order of 30 /»-sec. 

Pulse Repetition Frequency : . 

T > mikl . rpnctiiion frequency is made suflicicntly small, so 

The pulse repetition ireq b J lwC(;n fadar and distant target 

that the time sp between transmitted pulses. Pulse 

repetition frequencies used in radar work usually vary f.om 350 to 


following 


less as the 
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about 10,000 cycles. Short range radars use high pulse repetition 
rates. 


Transmitted power output: 

To detect targets at range upto several hundred miles trans¬ 
mitter peak power output of more than one megawatt mav be 
required. For a particular radar transmitted power is determined 
by the maximum distance over which it is desired to receive target 
information. 

A typical radar used for the detection of conventional aircraft 
at range of 100 or 20'J miles might employ a peak power of the 
order of \\4W % * pulsewidth of several micro-seconds, and a pulse 
repetition frequency of several hundred pulses per second. 

Maximum range : 

It depends upon the energy content of the transmitted pulses 
and the sensitivity of receiver. For better sensitivity random noise 
generated in the input section of the receiver should be minimised. 
37 4. MAXIMUM RANGE OF A RADAR SET : 

We shall obtain an expression for the range of a rader set 
in terms of the factors on which it is expected to depend. Let us 
denote: 


/?=distance to a target, 

S=equivalent area of target, 

P ,=power radiated from transmitter, 

/ > f =echo power absorbed by receiving antenna, 
G,=power gain of transmitting antenna relative 
to isotropic radiator, 

power gain of receiving antenna relative to 
isotropic radiator, 

A=wavelength, 

/! 0 =capture area of receiving antenna, 
/l=aperture area of receiving antenna, 



(a constant having value 0*5 per parabolic 


antennas and 0*9 for mattress antennas). 
The surface area of sphere of radius R=4nR *. 
Transmitter power in beam direction =P,G, 

Therefore, the power per unit area of the target 


P,G, 
~4nR * 



This energy strikes the target and a part of it is scattered in 
the direction of the radar antenna. We assume that the strength 
of echo received is equivalent to the strength of wave received by 
this antenna if it were radiated by a section of wavefront of area 
S from an isotrobic radiator located on the target i.e. the amount 
of echo power received by the antenna is equivalent to the power 
scattered by an effective area S of the target. 
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...(3) 


-t)- 


...(4) 


• Echo power per unit area at the receiver 

P.G. xSx _!_. -(2) 

Therefore, total power delivered to the receiving system 

° f r T="c 8 ho P °power per uni. areaxcapture area 

' P.G, - . ...(3) 

=(W 0 ' 

Now gain of receiving antenna 

•c 

o, A . 

= ( since ...(4) 

since the same an.enna^s us^d for reception and transmission. 

Therefore, the equation (3) becomes 

r. ?’G' C A 

Substituting the values of G, and A 0 , we get 

P„ 1"^ SkA 

F ' m " 

p,r-.A*.s ... (S) 

= 4s,R‘.X : 

if (P 1 , denotes the minimum energy, that can he detected 
by the- receTver, then the maximum value of K-.he so called range 

thc radar-will be j>, g ,,. S T* . (6) 

(P'U-J 

The expression, therefore, shows that the maximum range for 
. . c _ m !L < i.*rcctable energy is proportional to the fourth root 

the minimum due ; ° lo e t y hc square root of the antenna area, 

Id inversely to the square root of wavelength. The effective area, 
and mv £ r . S( : y als ,, depends, is different for different targets, 
r '• i* '5« sq. meters for small fighter 

plane it is 10 sq meters. JU- is of the order of several kilometres 
even for small airplanes. 

37 5 RADAR TRANSMITTING SYSTEMS : 

'in radar operating upto 600 mc/s. power is usually drawn 
, iriodc tubes in a resonant line oscillator circuit. For higher 
nncratina frequency, cavity magnetron is suitable for generating 
hfgh peak powers. High powe r klystrons a re also bang used as 

- ^aZmagnnlc ^vrs and Mediating Systems by E.C. Jordon. 
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an alternative to magnetron. Modulators which are employed in 
radar transmitting circuits to generate pulses of appropriate length, 
amplitude and repetition rate for the application between the 
anode and cathode of the power tube of the radar transmitter, are 
commonly of two types : 

(/) Line pulser, 

(//) Hard tube pulser. 


R.F Choke Art/Y/c/oJ/he 




7. (b) Equivalent circuit with 
switch closed. 


Line pnlser: A typical line pulser is shown in figure 7 (a). 
The thyraton functions as a trigger switch and the load impedance 
represented by magnetron equals the characteristic impedance of 
transmission line. Equivalent circuit is shown in figure 7 (h). 
During the interval between the pulses, transmission line is 
charged to a voltage E b through inductance L and diode T 3 for the 
latter is necessary to permit the passage of charging current as 
magnetron does not conduct when its anode is negative. 

By closing trigger switch, pulses are formed and thus the line 
is terminated with a load equal to its characteristic impedance. 
The energy stored in the line then discharges into the load impe¬ 
dance and during discharge period, voltage developed across impe¬ 
dance load is Eb! 2. The duration of discharge is equal to the time 
taken under such conditions i.e. the trigger switch being ideal 
one—acting simultaneously and load resistance being equal to the 
characteristic impedance at all frequencies, the line pulser produces 
an ideal square pulse. Line pulses can be operated at a sufficiently 
high power level. 

(ii) Hard Tube Pulser : Circuit is shown in the fig. 8 (a). 
Triode Tube T x is biased beyond cut-off, so that during the interval 
between the pulses, this tube carries no current and capacitor C is 
charged upto plate supply voltage E b through very high resistance 
R and series diode T 3 . Now some positive pulses are applied to 
the control grid of 7i to drive the grid slightly positive due to 
which it offers very low impedance. The equivalent circuit of the 
system takes the form as shown in fig. 8 (6) during the period of 
pulse. In this case the condenser C, initially charged to plate 
supply voltage E b is connected directly across the load impedance, 
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Driwng 

po/ses 



. , Maq/tefror? 
D/ode 

(a) Actuo/c/rcv/f 



(6) Equ/ya/ent 
\Circuit 


Fig. 8. «*) Hard Tube Pulser 
( b) Equivalcoi Circuit. 

<>• = *^rSad- ( o a r nd C 2^J£a^ d -£ 

-“ring 

across .hi' capacitor. This type of pulser is more bulky and more 

CXp “nulse repetition frequency of the modulator is determined 
I ?, kino oscdlator or multivibrator. The pulses of required 
, y “ I r .^orod'iced by exciting the multivibrator by a sine 
waVe which has been differentiated and clipped properly. 

T7-6 RADAR ANTENNAS : 

Directional antennas are always used in radar system tom- 
crease the range and better angular resolution. .... 

The measure of sharpness and directivity of the radiated beam 
The measure . 1 dcpcn( jent on its requirements. If 

from the antenna is ho P q |oca(c , he posjlion 0 r target 

ndnot'.Ve heigh? from horizontal, then a sharp beam is radiated 

heigh, S oflhe7mgjR i^*n unportanj factor, 

determination of the angl^ofe^eva .is ^ as . gf0und ^ 

airsearch^adars'type'w'hHe the latter as ‘height finder radars'. Air 


borne radar (used on aero¬ 
plane) is used for navigational 
aid, the direction pattern of 
which is shown in figure 9. 
The field strength of such an 
antenna pattern is propor¬ 
tional to the cosec of angle 
0 except when 0 approaches 
0 and 90° and power radiated 
is proportional to coscc 2 0. 
Thus the strength of echoes 
received from a particular 


AlRCKAF 



AA/S Of ROTATION 



Fig. 9 Constant directional pattern. 
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target at a given altitude becomes independent of distance over 
the range of vertical angle 0. 

The directivity is also a function of frequency used in radar 
because at low frequencies of the radar of 100 to 200 mc/s. a sharp 
narrow beam is difficult to be produced even with antenna of large 
physical size, while at frequencies 3000 mc/s.an antenna of smaller 
size can serve the better directivity purposes. Ground radars, 
operating in frequency range 100 to 200 mc/s., normally employ 
mattress antennas with reflectors. In air borne radars, Yogi antennas 
are usually used in the range 200 to 500 mc/s. while at frequencies 
of 3000 mc/s. and above parabolic reflectors are standard. To 
avoid confusion, it is necessary that the direction pattern of the 
radar antenna should be free from secondary lobes. Techniques are, 
therefore, employed for minimizing minor lobes. 

In all types of radar, a mechanical motion of the antenna is 
accomplished to vary the direction of beam radiated from it. The 
process is called antenna scanning. In radars used for navigational 

nm r*AV?*srv 



Fig. 10. Scanning method's representation. 

purposes, scanning is performed by rotating the antenna about a 
vertical axis. In height-finder radars, scanning consists of a rapid 
rocker motion in the vertical plane with much lower azimuth scan 
about a vertical axis. 

Lobe switching : The angular direction of a radar target can 
be determined accurately by a process called lobe switching. In 
lobe switching, direction pattern of the antenna is switched rapidly 
in the direction OA and OB (fig. II). A radar target in the direc¬ 
tion of <x 0 will then give equal echo signal for these two lobe posi¬ 
tions, while any target in the direction of a, or a 2 will give echos 
of unequal strength for the two lobe positions. Thus the direction 
a 0 , which gives echo of equal strength for the two lobe positions, 
is sharply defined and hence the angular position of the target is 
precisely determined. 

In mattress antennas, the lobes are switched in two directions 
by connecting the transmission line alternately to one end and to 
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other end of the antenna system by a mechanical switch as shown 
in fig. 11 (a). 


Ax/s of eqaot om^/f/ttefe 

Term/nat/On 8 
Switch \& 



Trans- 

mission r—r. - 4 Mattress 
one rem/arhoaA 0fj/erra 

andref/ector 

(a) Lobe sw/feh/'rg 


iT6 "z 
LobC for 

positions 



Path of 
/obe 

(6) Confcaf Searr? 


Fig. 11. (a) Lobe switching in mattress antenna. 

(b) Lobe switching in parabolic antenna. 

In parabolic antennas, the process of lobe switching is accom¬ 
plished by placing the exciting antenna slightly off centre with res¬ 
pect to the focal point and then rotating it about the axis of para¬ 
bola at a rate which is less than pulse repetition frequency. 1 his 
arrangement is termed as conical scanning. 

Effect of Ground on Radar Antenna Patterns : When the an¬ 
tenna is located near the ground.the directivity of its vertical patte - 
rns is largely affected. Fig. 1 1 ( a ) represents the directional pat¬ 
tern of an antenna remote from ground. For a grounded antenna 
of 7-5 metres height above the ground and operating at 10 mc/s., 
directional pattern assumes the shape as shown in figure 12 ( b ). II 
the operating frequency is increased, i.e. wavelength is decreased 
keeping antenna height constant, then the angle at which the first 
lobe appears from the horizon is lowered as shown in fig. 12 (c) 
and thus improves low angle coverage. If the antenna is tilted up¬ 
wards a little energy would come in contact with ground and thus 
eliminating the ground effect, but the low vertical angle coverage 
becomes poor. Pattern is shown in figure 12 (</). 



(a) so ground 



(b) Antenna of id) Locate tnfi \ rJ 

obcvQ ground y/aycfcniytt; 3 tr „ivj 



(C) some os(b> except wore/eng"' 
uecreoseo fo 1 meter 



<Oj Antenna of la) llteT up 


Fig. 12. Effect of ground on directional characteristics of antenna. 
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37 7. DUPLEXER: 

Generally for transmission and reception, the same antenna 
is used in all radars. This is accomplished with the help of a 
Duplexer. Duplexer is the device that (1) switches the radar 
antenna to either the transmitter or the receiver, and (2) serves to 
protect the receiver from burnout or damage during transmission. 
It makes use of fast acting r.f. switches called as ‘‘T.R. (transmist 
receive) Boxes” and‘A.T.R. (antitransmit receive) Boxes’. ‘A.T.R. 
Box’ is a ‘T.R. Box’ without output lead. 

‘T.R. Box’ consists of resonant cavities associated with special 
cold cathode tube containing gas at low pressure as shown in 
fig. 13. Transmitter pulse causes ionisation across the gap due to 


Coaxial input 
front tine 


Tit Tube 
j 

Resonant Chamber 


Co-ax/at output 
To receiver 



Coupling 
Loop 


Fig. 13. Duplexer 

which resonance in ‘T.R. Box’ is disturbed and thus a little trans¬ 
mission of energy from input to the output line occurs. Under 
such a condition, the box acts as short-circuited and thereby iso a- 
ting receiver when transmitter is operating. Layout of a Duple¬ 
xer is shown in fig. 14 (a). Line sections AB and CD are made 
odd multiples of A/4 long. 



Fig. 14. (o) Layout of Duplexer system. 

Consider when transmitter is operating,A.T.R. and T.R. boxes 
both are short-circuited and thus offer high shunt impedance to 
the line carrying energy from the transmitter to the antenna. 
Consequently, the pulses directly reach the antenna and the receiver 
is isolated as shown in fig. 14 (6). 
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( 6) Equivalent circuit during transmission of pulses 


trans¬ 

mitter 


‘-FROM 

‘ANTENNA 


TO RECCVER 

(c) Equivalent circuit when transmitter is inoperative. 

1 Fig. |4. Ouplexer action. 

Now consider when thMransmUterJ^inop^ralive^iA^W .he 
end of a pulse. At the . vavj ? and thus both T.R. and 
resonance will take place '» s h OW n in figure 1- (c) The 

A.T.R. boxes act as open circa -if' h im p C( |ancc to the line at 

^ pen ; i i C TS a ledanc lo P o ng towards ,./transmitter from 
witMhe^resulMha^he vvhofe incoming energy goes to receiver 
and not to the transmitter. 

37 8 RADAR RECEIVERS : . 

* r r 

Sfig^anTan approve intermediate ft^c,«-«-«• 

bandw.d.hs required P A 0Sci ||at O r is chosen according to 

of intermediate frequency. ^ ff cy radars . high fre- 

radar ope'al.nt f cquer, y q whilc for radar opera- 

qUCn 7Co me a reneH ystron is often employed. The popular 
inter me dTate "freque nciwc hose n for radar systems are .0 mc/s. or 

” T % d t C hr , r«eiver a should C be° as lot as pSlC About Tooo 

a means of y ”' * mpn® /atone side it maintains the 
receiver is said to be PP P dcr (Q rc( j uce the minimum 

bandwidth as narrow P th olhcr $ ide it preserves the shape of 
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Highest signal to noise ratio is obtained with a band 1*5/7' app. of 
an I.F. system, T being the pulse width. 

Since in radar operating at high frequency viz. 3000 mc/s., 
intermediate frequency is only a small percentage, it is necessary to 
use some automatic means of checking the intermediate frequency, 
i.e. to correct for any drift in local oscillator frequency. The 
discriminator circuit for it is shown in figure 15. The frequency 
of local oscillator and that of transmitter pulse are mixed in a 



Fig. 15. Discriminator circuit of A.F.C. 

separate mixer to reproduce intermediate frequency and is applied 
to discriminator circuit. If standard intermediate frequency is the 
centre frequency of the discriminator circuit, then, for the correct 
local oscillator frequency d.c. output developed by this circuit will 
be zero. If there is any change in local oscillator frequency, then 
difference of local oscillator frequency and pulse frequency will 
produce a frequency other than intermediate frequency and hence 
a d.c. output voltage, polarity of which depends upon oscillator 

frequency, will be developed across the discriminator circuit which, 

when applied to reptiles electrode of klystron, will modify its 
frequency in right course. 

In interval between the transmitter pulses, frequency of local 
oscillator, i.e. reflex klystron changes. The time constant of dis¬ 
criminator output circuit should be large as to keep the output 
voltage sufficiently constant during this interval, so that frequency 
changes in reflex klystron will be approximately less than the band¬ 
width of intermediate frequency amplifier. 

37 9. INDICATOR UNIT : 

This unit presents the output of radar in visual indications. 
Some presentations are due to the deflection of trace on the screen 
called deflection modulated presentation while some other are due to 
changing brightness of trace called intensity modulated presentation. 
We have previously described both these types of indicators. A 
type indicator gives deflection modulated presentation, while B and 
C types utilise intensity modulation of spot. Since the principal 
aim of the radar is to mark the range of target, all these types of 
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indicators bear such provisions. For better pictorial representation, 
an" resolution is another characteristic of these indicators. 

37 10 DESCRIPTION OF RADAR SYSTEMS : 

For various purposes. e * homeland safety and victory overjhe enemy, 
different radar systems are designed. A br.ef discuss,on ,s g.ven below . 

(I) Chain Home Systems : It was first designed in 1 35 for the location 

n ° m ', 3 , Ground Control Interpretation : The major difference with chain 
Urn is that this system involves an indicator called plan position indi- 

0 ; 0 ; > C p m , Chnhlc low one for nigh, figtuer, 

and thus predicting ihc whole plan pitiuic. 

Centimetre Radar: The exact location of isolated targets and ade- 
aale separation of closely adjacent targets, are dill,cull, in above types of 
dssstems because the echo in such systems produces an extended patch 
nd no a sharp ss ell-confined spot on the screen. To produces intense narrow 
team radio pulses of wavelength less than ten centimetres ssere uscd TIm. 
n the other hand, reduces the physical si/c of the antenna which in the case. 
foVwter directivity, can be a parabolic one. The use of sue,, short pulses 
demand mute power and high sensitivity of me radar receiver. 

37 11 USES OF RADAR : 

The performance of radar is unaffected by darkness fog and 
rain i, therefore, can be used under all weather conditions to 
find the positions of mountains, icebergs in sea, shotc lines, lakes 
etc when installed in ships or high llytng aeroplanes The .adar 
pulses can be used for discovering the positions of buried metal. 
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oil and ores. Radar beckons help in safe landing of aircrafts even 
in poor visibility due to heavy fog. 

Civilian Applications : Chief civilian application of radar has 
been for navigation, both marine and air. Air-traffic-control radar 
monitors air traffic in the vicinity of airports and enroute between 
air terminals. In foul weather, radar is used with GCA (ground 
control of approach) system to guide aircraft to a safe landing. 
Commercial aircrafts are equipped with altimeters to determine 
their height above the ground and weather avoidance radar to 
navigate around dangerous storms. 

On the sea. radar is used by ships, large and small, for navi¬ 
gation, especially in bad weather or with poor visibility. Their 
use in detection and tracking of weather disturbances is significant. 

Military Applications : Radar is used by military for surveil¬ 
lance and for the control of weapons. Surveillance radars detect 
and locate hostile targets for the purpose of taking proper military 
action. Examples of such radars are those in DEW (Distant Early 
Warning) line for the detection of aircrafts; the BMEWS (Ballistic 
Missile Early Warning System) radar for detecting and tracking of 
intercontinental ballistic missiles; shipboard surveillance radars ; 
the AEW (Airborne Early Warning) radars ; and AI (Airborne 
Interception) radars used to guide a fighter aircrafts to its target 
and bombing radars. 

Scientific Applications : It can be used as measuring tool. 
Radar has vastly increased our knowledge of meteorology, aurora, 
meteors, and other objects of the solar sytems. Radar can be used 
to guide space vehicles, satellites and for the exploration of inter¬ 
planetary space. In addition, the techniques developed for radar 
have paved the way of more advanced researches in microwave 
spectroscopy, radio-astronomy etc. 
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TELEVISION 


_ . . • _ : c electrical transmission of transient visual 

imaE^s^Thls system can transmit sound synchronously with visual 

37 a if' GENERAL PRINCIPLE OF IMAGE TRANSMISSION : 

The instrument which responds to the light intensities reaching 

iiSSSS 

hgh, while I>ng ter p«r a va g rjaljons , can ser ve the pur- 

receives into correspondi g device is called *pick up instru- 

p °^°tK video ^ ,,fl/afler a 1 7 , i lu n de 

il!„ Jo transmitted by the antenna in conventional fashion, 
modulation arc transm t a(Uf demo d u | a tion is applied to a 

A ‘hir device* for reproducing the corresponding light intensity 
suitable device lor ref'. h % jc stiuc ture of the transmitted 

.ariat.ons so s to dep c thC c D t e ^ ^ ^ a functjon m 

rma?ran A s£on system as microphone serves ,n sound-,rans- 
mission system. 

The conversion of an optical image into a set of correspond- 

dl ^ mle iZ q, [o produce corresponding electrical signal lor trans- 
zsscaning, to P a /\ , 1 lelevision 25 complete images are 

^ Eachimage r Jergo ‘i 62 , 5 

scanned urn! trans m / des j rc d degree of image detail. 

Thc^vh'ole'p/oces^of imagc°transmission can be stated in brief as 

f0 "°)n Ontical image of the object of scene is focussed, by means 
of an opUcai lcns system, on a photo sensitive plate contained ,n 

a ca "'*' a '^’ e : is canned by a cathode ray beam which is de- 

llccted either 'magnetically or electrostatically so that traverses 
he phow sensitive plate in an ordered sequence. 

‘ rw m scanning electrical variations corresponding to the 

brightness «.f the scanned element are produced. This video signal 

a Her modulation's ^ansmrt twoS ep ara te r.f. carriers over 

is frequency-modulated by sound 
('audio* signal", while the other is amplitude-modulated by the 
mclurc information or the video signal. 

P A set of pulses—called synchronising pulses, is also transmitted 
withUte video signal to keep the scanning sequence at the receiver 
jn step with that at the transmitter. 
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37 13. RECEPTION OF SIGNALS : 

At the television receiver both audio and video signals are 
picked up by the receiver antenna and then subjected to hetero¬ 
dyne action by the conventional superheterodyne receiving circuits. 
After suitable amplification by the r.f. amplifier, both signals are 
applied to video detector. This detector separates audio l.F. signal 
from video l.F. signal, and then demodulates video signal. Audio 
l.F. signal after separation is subjected to frequency demodulation 
circuit. 

Video signal is applied to a cathode ray picture tube, for the 
image reproduction. The synchronising pulses are applied to 
beam deflecting circuits of the tube to keep picture scanning at the 
screen in step with that at the transmitter camera tube. 

Now we shall discuss television system in the following steps: 

(1) Pick up instrument, 

(2) Image scanning sequence, 

(3) Scanning synchronisation, 

(4) Television transmitter, 

(5) Television receiver, 

(6) Vestigial side band transmission. 

3714. PICK UP INSTRUMENTS : 

Iconoscope , image-orthicon and vidicon are important electro¬ 
nic scan camera-tubes which find wide applications these days. 

(1) Iconoscope ; Schematic diagram is shown in figure 16. The 
optical image is focussed on a photosensitive surface called mosaic, 
which consists of a large number of minute globules of caesium 


M05OIC 



Fig. 16. Icoooscope. 
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silver compound discretely deposited and insulated from each other 
by mica on one side of mica sheet. The other side of micashee 

kfcoated with conducting material such as a graphite or a‘ metal 
film A load resistor, across which signal voltage is developed, i 
connected with this back electrode. The optical lens system focusses 
the image on the mosaic. Each globule emits electrons in propor¬ 
tion to fhc brightness of the particular image portion ^ P *rXb£l« 
on it Due to this loss of negative charge, the potential of globules 
° ra i S ed since these tiny globules with conducting globules°" ,b * 
other side of mica sheet form several tiny condense-s w, th n„ a 

dielectric Thus due to loss of negative charge these condensers 
are charged inaccordance with brightness of the portion of picture 
This electrical image stored on the mosaic cannot be transmitted 
as a whole but the individual picture elements arc scanned one at 
a time by discharging the globule capacitors in an orderly 
« Thic k done hv imnineine an electron beam on tne 

K&js-sra swa- i 

emission /e tiny condenser is discharged through load resistor 
,Z discharge current develops the corresponding video signal 

across the resistor. 

The main drawback of this pickup device arises due to the 

secondary electron emission which occurs when high velocity 
secondary c' , rike lhc nl0Sa j c . Some of these emitted 

eketrons ari drawn olT to a collector electrode while others return 
to mosaic and thus produce improper charge distribution for agnen 
Image This drawback is removed in another pickup device 

called image-orthieon. 

ID Image Orthicon : It is a sensitive tube and is capable of 
handling .wide range of light values and contrast. In a single 
envelope, it includes three sections: 

(„) Image seel ion : 1 his section includes : 

(i) a photo sensitive surface, called photo cathode, operated 
at a vciy large negative potential. 

,iit a target plate which is a thin plate of glass of low rests- 
tivity. Thickness is less than 0 0002 in. 

(iii) a screen located very close to target rla'e and has about 
500 000 openings per square inch. 

' When the optical image is focussed on the photo cathode, 

. moelectrons in ' proportion to the amount of light impinging, are 

emitted Most of the photoelectrons pass through the screen and 
hh he target plate. As the photoelectrons are accelerated o seve- 
i, ,„dred electron volts, they liberate several secondary electrons 
from the target pL.e surface, and are then collected by the nearby, 
screen which is at a small positive potential. The emission of 
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Fig. 17. Image Orthicon. 

secondary electrons from target plate leaves a distribution of posi¬ 
tive charge on its surface. The low resistivity of target plate resists 
the lateral charge flow on its surface and thus the image charge 
pattern, formed on the plate, is truly restored as such. Since the 
plate is thin, this charge pattern also appears on the other side 
(away from screen) of the plate. 

(b) Scanning section : The otherside of the plate is now 
scanned by a beam of low velocity electrons generated by an elec¬ 
tron gun. The beam is deflected on the plate by vertical and 
horizontal direction as well enables the electron beam to scan 
the whole plate. This beam gives up the number of electrons 
required to neutralise the positive charge at that point and thus 
the returning electron beam varies in magnitude inaccordance 
with the brightness variation of the image. It should be noted 
here that since the target portion affected by the white portion ot 
the image will be much positively charged and hence the el . cctr ° n 
beam has to give up large number of electrons to neutralise tne 
positive charge at that point, i.e the intensity of returning elect¬ 
ron beam is much reduced and the video signal developed across 
the output resistor for this part will be small. It, therefore, con¬ 
cludes that the brightest part of the image are transmitted as tne 
signals of low amplitude which is very advantageous in avoiding 
the effect of strong noise at the receiver. 

(c) Electron multiplier section : 

An electron multiplier is located within the pick up tube for 
amplifying the electron density variation in the returning beam. 

(3) Vidicon : This camera tube is based on the photo-conduc¬ 
tive properties of semiconductors i.e. decrease in resistante wit 
the amount of incident light. The tube is shown in ng. I®- 
consists of: 
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d) Signal plate : Which is a conducting metallic film very thin 
so as to be transparent. The side of this film facing cathode is 


Mesh /or 

Grid W. 3 

SiM/ 

5 P/ote v 

Comera 
Lens 


t/orizo/iro/ond Pccc/vaf Co# 
Verfico/Aef/ecr^g Ca/ Alignment Co# 








GnO NO- 3 

C- - ~6no do 2 


Gri d HO- t 


Cathode 


I ig. 18. Vidicon camera lube. 

coated with a very thin layer of photoconductive material (arnor- 
nhous selenium). This side is scanned by electron beam. The 
optical image is focussed on the otherside of this film. 

/;» Scanning System : The electron beam for scanning is 
formed by the combination of cathode, control grid I, accelerating 
ir d 2 and anode grid 3. The focussing coil produces an axia 
field which focusses the beam on the film. Vertical and horizontal 
deflection of the beam, so as to scan the whole film is accomp¬ 
lished* bv Passing saw-tooth current waves through uellccl.ng coils 
Which thus produce transverse horizontal and vertical magnetic 
fields respectively. The alignment coils arc lor initial adjustment 
of the direction of electron beam. 

One, at ion : When the scanning beam passes over the photo- 
conductive material of the signal plate, it deposits electrons so that 
noteruial of this side of plate is reduced to that ot the cathode. But 
fhe othe sid of the film (plate) is still a. its original potential, 
ronscaucntly a potential difference across a given point on the 
nhotoconductive material is created. It is approximately 30V 
Ucfo°c"he next scanning (which may be done after an mterva of 
1/50 or 1/25 sec.), the charge leaks through photoconductive 
material at a rate determined by the conduct mly of the material 
which in turn, depends upon the amount of incident light. W hue 
nortions of the object will project more light on the film and make 
f, more conductive. This charge leaked to photoconductive side 
of the film will vary according to illumination of the object. As a 
resuH potential at every point on the photoconductive side will 
varv Now the electron beam again starts scanning the photo¬ 
conductive side of the film but this time the charge deposited by 
the beam inorder to reduce its potential towards zero (cathode 
potential) will vary with time. Therefore current through load R L 
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(and hence the output voltage) will follow the changes in potential 
difference between two surfaces of the film and hence follows the 
variations of light intensity of successive points in the optical 
image. 

Advantages : 1. Low Cost 

2. Simple adjustment 

3. Sensitivity is large 

4. Resolutions of the order of 350 lines can be 
achieved under practical conditions 

Disadvantages : 

1. Owing to the fact that the resistance of the photoconduc- 
tive film does not change instantaneously with change of light 
intensity, different levels of light intensity are adjusted with slight 
time lag. 

2. The response characteristic is non-linear. 

3715. IMAGE SCANNING SEQUENCE : 

There are two types of scanning—one, the progressive or 
Simple scanning [fig. 19 (a)] and the other, interlaced scanning 
[fig. 19 (b)]. The latter is very much adopted these days. 

(a) Progressive Scanning : 

During the process of scanning the horizontal and vertical 
beam deflection circuits operate simultaneously, so as to cross the 
image in downwards slant line as shown in fig. 19 (p). On reaching 
the end of each line, scanning spot retraces horizontally to the 
starting point of succeeding line. To make this retrace invisible a 
blanking pulse is applied to the control grid of the electron gun 


• first Scanning 
Line 



Lost Scoaa/og L/he 

Scanning- 


Stort of Start of 



Sequence 8 Sequence A 

Inter'Laced Scanning 
(&i 


Fig. 19. Scanning sequence. 

of picture and camera tube. For picture tube, these blanking 
pulses are transmitted alongwith video signal. To keep scanning 
at picture tube in step with that at camera tube, horizontal and 
vertical synchronising pulses are also sent alongwith blanking 
pulse and are superimposed on the latter. The number of hori- 
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zontal lines scanned has been standardised at a total of 625 per 
image or frame and 25 such frames are scanned per second. 

(b) Interlaced Scanning : In India, 25 frames arc scanned per 
second, i.e. the frame repetition rate has been standardised at 
25 per second. Despite high repetition rate, a certain amount of 
ilickcr is still present. To eliminate this residual flicker each frame 
is shown twice on the face of the picture lube. It is called inter¬ 
laced scanning. As shown in fig. 19 (6), first sequence A starts and 
scanning of every line except next occurs, / e., 625/2=312’5 lines 
are scanned, then the spot after reaching the bottom of the image 
area in 1/50 seconds, returns to the top of the image area and 
then scanning of sequence D starts. Rest 312*5 lines arc now 
scanned in 1/50 seconds. Thus two fields arc shown in each frame 
with repetition rate of 50 per second for each field. The picture 
element always bears a ratio of width to the height, called aspect 
ratio, of 4 : 3. That is width is T33 times the height of the picture 
frame. 

With 625 horizontal lines in each frame and 25 frames being 
scanned per second the total number of horizontal lines scanned 
per second is 625x 25=15.625 lines. The horizontal repetition 
rate or line scanning frequency is thus 15,625 c/s. As the frame 
scanning frequency is 25 c/s and each frame is scanned in two 
fields, the field scanning frequency is 25x2=50 c/s. 

Provision fur scanning in Transmitter : 

The movement of the electron beam during the scanning 
process is accomplished by the application of saw tooth waves to 
the horizontal and vertical deflection elements of the camera lube. 
Such voltage waves, for picture tube, arc generated by saw tooth 
generator when triggered by the synchronising pulse sent with 
blanking pulse. 

To control the duration of each scanning line and the scann¬ 
ing sequence, the saw tooth generators arc triggered by a scries of 
carefully timed pulses. For instance, the time 7/’ allowable for 
sweeping a horizontal line is I/15,625 second or 64 micro seconds. 
This includes a retrace time of about 015 // of the total time i.e., 
9 6 microseconds. Therefore duration of each scanning line is 
normally set at 64 9 6 54 4 micro seconds. Thus a train of 

horizontal synchronising pulses is generated at a rate of 15,625 
pules per second in order to trigger the horizontal-deflection saw 
tooth generator at intervals of 64/u. 

It is to be noted that time for sweeping a vertical field is 
considerably longer, being equal to 1/50 seconds. The retrace is 
only 7% of the trace time. Thus a train of vertical synchronising 
pulses is generated at the rale of 50 pulses per second to trigger 
the vertical deflection saw tooth generator to maintain the repeti¬ 
tion rate of 50 c/s per second. 
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3716. SCANNING SYNCHRONISATION : COMPOSITE 
VIDEO SIGNAL: 

To produce a true and undistorted picture, it is necessary that 
the scanning process at the transmitter camera tube should be 
quite in step with that at the receiver picture-tube. Thus the 
timing pulses generated by the synchronising generator to trigger 
the saw tooth generator for vertical and horizontal plates are not 
only applied to the transmitter camera tube system but also trans- 



Fig. 20. Transmitted signal for two scanning lines alongwith 
blanking and synchronising pulses. 

mitted to the receiver alongwith the image signals. At the receiver, 
these triggering pulses are separated from the signal components, 
which arc then differentiated (horizontal synchronising pulses) 
and integrated (vertical synchronising pulses) to trigger saw-tooth 
wave generators for the 
application of saw-tooth 
voltage to horizontal and 
vertical deflection plates of 
picture tube respectively. 

Blanking pulses are also 
transmitted to cut off the 
electron beam during hori¬ 
zontal and vertical retrace 
time. 

In fig. 20 a blanking 
pulse alongwith superimpo¬ 
sed horizontal synchronising 
pulse and video signal for 
two successive horizontal 
scanned lines are shown. 

This set of pulses alongwith 
signal is called composite 

video signal. The amplitude of blanking pulse is sufficient to cut 
off electron beam. The amplitude of synchronising pulse is 
greater than blanking pulse and therefore it can be separated 



Fig. 21. Action of synchronising 
separator. 
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from signal and blanking pulse when applied to a clipper 
circuit which clips off all signals below the blanking level so that 
only the synchronising signals are permitted to pass. This is 
illustrated in fig. 21. The clipper circuit consists of a pentode tube 
with a low screen grid voltage. The composite signal, in which 
the synchronising signals must be positive going, is applied to the 
control grid. The circuit is designed for d.c. restoration at control 
grid so that synchronising level is approximately at zero volt. 
Because of low screen voltage, the grid bias is very limited and 
the picture signal are well beyond cut off. Thus plate current of 
pentode will correspond to synchronising signal only and gives 
isolated synchronising pulse. The isolated synchronising pulse is 
then applied to a horizontal deflection saw tooth generator. 

As the last line of a field is scanned, a low blanking interval 
occurs in which a number of pulses are generated by the synchro¬ 
nising generator as shown in figure 22. 



t qvo//s'/>a yert/co/ 
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tKyaonfaf 
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Time 


Fig 22. Vertical and bori/ontal synchronising pulses. 

It consists of 

(/) horizontal synchronising pulses for the last three hori¬ 
zontal lines of field. 

(//) six equalising pulses somcwhal smaller in width than 
horizontal pulses. 

(iVi) a long vertical pulse group divided into six individual 
pulses by the serrations, 

(/,.) Three more horizontal pulses for first three horizontal 
lines of the next field. 

Each vertical pulse extends over a period of three horizontal 
lines, the serrations or notches being insetted at half line intervals. 
Due to the insertion of such serrations, it is possible to maintain 
horizontal synchronisation while the vertical synchronisation is 
being accomplished. Following these vertical synchronising pulses 
are equalising pulses. As is obvious from scanning discussion that 
scanning of sequence B ends in the middle of the line while that 
of sequence A ends at the end of a line, both fields arc out of phase 
by one half cycle. Thus, to secure required interlacing synchro- 
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nising signals for alternate fields, these equalising pulses are 
provided. 

At the receiver, separation between the vertical and horizontal 
synchronising pulses is accomplished on the basis of the difference 
in their duration. Horizontal synchronising pulses are applied to 
a differentiating circuit to give a pulse shown in figure 23 (a) or 
24 (b) while vertical synchronising pulses are applied to an integra¬ 
ting circuit to give a voltage variation like figure 23 (6) or 24 (c). 
The amplitude rises to a level which is above the synchronising 
control level for vertical deflection saw tooth generator only during 
the vertical synchronising pulse interval. The differentiated output 
is applied to trigger horizontal deflection saw tooth generator. 
Equalsing pulses associated with vertical synchronising pulses help 
to secure the same wave-form at the end of each field scanning. 



Fig. 2?. (a) Fig. 23. ( b) 



Fig. 24. (a), (b), (c) Separation of vertical and horizontal 
synchronising pulses. 

MORE ABOUT COMPOSITE VIDEO SIGNAL : 

As explained earlier video signal is composed of: 

(/) camera signal carrying picture information, 

(//) synchronising pulses to synchronise the scanning at 
transmitter and receiver, and 
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(Hi) blanking pulses lo make the retraces during scanning as 

invisible. . . , 

In fig. 20, we have depicted the composite signal. Note tnat 
amplitude of the video signal is divided in two parts : the lower 
(75 f 2*5)7 being used for camera signal and upper U>±-*V/o 
for synchronising pulses. The camera signal is transmitted using 
a standard negative polarity of transmission which implies that 
white parts of the picture are represented by low amplitudes in the 

transmitted picture carrier signal whereas higher amplitudes corres¬ 
pond to darker picture information until black level is reached 
which is the fixed level at (75d 2-5)% of maximum signal amplitude. 

Black Reference Level: This level is constant at 72;5% ampli¬ 
tude and independent of picture information \Vhen the ima c eis 
reproduced. 72 5% of the video signal corresponds to the grid cut¬ 
off voltage of the pictuic lube and the absence of light. A black 
level is thus established. This level serves as the reference level in 
defining the briehtness values of various sha les of white and grey. 

The Blanking Pulses : They are included in the composite 
video signal in order to make the retrace lines invisible by raising 
the signal amplitude to black level during the time the scanning 
circuits produce retraces. The horizontal blanking pulse blank the 
retrace from right to left in each horizontal scanning line. The 
repetition rate of these pulses is. therefore, equal to the scanning 
frequency 15.625 c/s. The vertical blanking pulses blank the retrace 
when electron beam retraces vertically from bottom to top in each 
field Therefore their frequency is 50 c/s. 

la) Horizontal Blanking Time : The interval between lion- 
zontal scanning lines is indicated by II (lig. 22) and ,s the time lor 
scanning one complete line, including trace and retrace equal to 
1/15 625 sec or 6Ju see. Since horizontal blanking pulse has a 
width about 18-5 to 192 percent of//, the horizontal blanking 
time is O' 19 x 64/i sec. lor // which equals 1216,* sec. I he time 
for visible scanning is 64 -1216=51*84/* see. 

Horizontal sync, pulse is 0 07 to 0 077 or one half the average 
width for blanking pulse. This lime equals 4-5 to 4 9/* sec. 

F„r the remaining half of the blanking time, which is also 4 5 
to 4'9/x sec. the signal is at the pedestal level. The part of the 
nedcsta! level just before the sync, pulse is called the front porch 
and that which follows the sync, pulse is called back porch. I he 
f ront porch is 002 to 0028 II or F28 to I 8,* sec. and top back 
porch 0 06 to 0 X4 // or 3*4 to 5-*/* sec. The back porch is three 
times longer than the front porch Thus out of total blanking ot 
12“ 16/* sec.. 18/* sec. is used for front porch, 4*9/* sec. for sync, 
pulse and 5 4/* sec for the back porch. 

(If) Vertical Blanching time : The vertical blanking pulses 
raise the video signal amplitude to black level so that the scanning 
beam is blanked out during vertical retraces. The width ol the 
vertical blanking pulse is |(IX to 22) // I l2J/< sec. /.e., 1164 to 
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1420/z see. The interval between scanning lines is 64/x sec. There¬ 
fore in this vertical blanking time of 1400/* sec., say about 22 lines 
are blanked out in each field or 44 lines in the frame. 

37 17. RESOLUTION AND BANDWIDTH IN T.V. SYSTEM : 

We know that for transmission, T.V. picture is divided into 
a number of horizontal lines and each line is scanned by the elec¬ 
tron beam of the camera tube. Each line may be further considered 
as consisting of a large number of picture elements or in other 
words, the whole picture may be thought of as consisting of a large 
number of picture elements. But there is some limitation to the 
faithful reproduction of picture elements which arises on account 
of the fact that any change in light intensity of the image in verti¬ 
cal direction occuring in a distance less than the width of the line 
cannot be reproduced and thus if there is to be as much detail in 
the horizontal direction as in the vertical, the picture elements 
must be of the same size as the distance between the lines. The 
most detailed pattern that can be transmitted is chequer board 
pattern of black and white squares as shown in fig. 25. With an 
aspect ratio (width/height) 4/3 and 625 lines every *V sec., the 
number of elements so be scanned is given by 

/i=625 x (f x 625) x 25. 

Therefore the time for reversal from black to white this case 

is 

1 _ 3 _ _ 

n~ 625x4x625x25 * 


Chequer 
Board Po/fern 



Acfao/ 

Signo/ 




Corresponds 

S/aasoido/ 

Signal 



Fig. 25. Chequer board pattern of TV image signal and corresponding 
electrical signal. 

and the time for a complete cycle, black-whitc-black, is thus 

3x2 


r= 


sec. 


625x4x625x25 
and hence the frequency band covered by T.V. video signal is 

1 625x4x625x25 


Band Width (BW)=— 


3x2 


=6-5 mc/s. 
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In actual practice it is found that equal horizontal and vertical 

bandwidth is kept at 5 me s. 

37 18 TELEVISION TRANSMITTER : 

Fieure 26 shows the simplified block diagram of a television 

BEST; 

f,er Synchronising generator produces sets of pulses to operate 

thc ft ffi^ssr sssssjtzz 

a. •»** 



l itt 16. Simplified block diagram of a television transmitter, 
it durinu vertical and horizontal retrace ; and a pulse train consis¬ 
ting all above pulse groups is applied to video-amplifier channel 
for transmission to receiver. 

The carrier frequency generated from a crystal controlled 
oscillator is passed through a number of Irequcncy multiplier and 
amplifier stages. This results in the production ol a carrier wave 
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of desired frequency and energy content. The level of image signals, 
together with synchronising and blanking pulses, is raised to 
modulate this carrier frequency. A high level grid modulation is 
usually employed. 

The carrier when amplitude modulated with video signal 
(BW=5 mc/s) generates two sidebands and the total bandwidth, 
required for TV channel would be 10 mc/s which is too larged 
Therefore vestigial sideband transmission in which one sideban- 
(say upper) is transmitted in full along with reduced second side¬ 
band is used. For this purpose, output of the final r.f. amplifier is 
applied to a vestigial sideband filter which suppresses the undesi¬ 
red portion of the lower sideband of the modulated wave. The 
frequency spectrum of such a sideband transmission is shown in 
fig. 27. 

The modulated r.f. energy is carried from transmitter to the 
transmitting antenna by means of a coaxial transmission line. The 
antenna elevation is kept high for large transmission area. 

A f.m. transmitter is used for the purpose of audio signal 
transmission. The carrier frequency used in audio modulation is 
5’5 mc/s. above that which is used in audio modulation. Both, 



Fig. 27. Frequency spectrum of vestigial sideband transmission with 
response characteristics for receivers used with such transmitters. 

sound and picture signals are transmitted by the same antenna by 
using a diplexer called picture-sound diplexer discussed below. 







Radar and Television 


1619 


Picture 


-Sound Diplexer: The diplexer is shown in fig. 28. 

/ 



Fig. 28. Diplexer. 

transformer conMrting co I con(juc(or is above ground 

VT^umr a irormd unbalanced line condition exists The centre 

tapped i* f converts ibis balanced input to a balanced hne sec,ton 

anJ Bridge dreoa*Consists of two inductive reactances i, and it 
which are coaxial-table sections. Other two arms cons.st *, and 
Jwhteh represent radiators of the transmitting antenna 

FM sound carrier is impressed across pomts * and X while 
• ,.!r. clonal from the i, balun section appears at Y and Y . With 
balanced bridge equal voltages exist on both the reactive as wel as 
^ |J " sisiive arms Hence, sound modulated carrier is present in 

the resistive arms Men ^ * Bu| across points )' and Y 

H?ca- a is Ztro voUagc for sound modulated carrier because any 
noi -n ials at these points will have the same polarity due to which 
P irr, nt Hows through Lx (from sound modulated carrier). Thus 
between sou fc nd and video-modulated carriers does no. 
'" on the otherhand. video-modulated earner, applied a > 
also sets up equal voltages across the arms of the bridge 
tf because of the balanced bridge system no voltage correspond- 
ini! to this video modulated carrier will appear at X and X . There, 
fore again interaction between sound and video modulated carrier 
is prevented. 

In short, both modulated carriers develop equal voltages 
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across arms of the bridge and at the same time no video modula¬ 
ted carrier is present at points at which sound modulated carrier 
appears and vice versa. 

37* 19. TELEVISION RECEIVER : 

A simplified block diagram of a television receiver is shown 
in fig 29. Both audio and video signals are subjected to super¬ 
heterodyne action at the same time. At intermediate frequecy 
section both signals are separated. 

A folded dipole is used as a receiving antenna which offers a 
terminating impedance to the connected transmission line equal 
to the chracteristic impedance to the latter. This possesses a 
better matching for maximum transference of the received energy. 

The next stage is tuned r.f. amplifier with a broad band¬ 
pass chracteristic. The stage helps in achieving a good noise figure 
and providing image rejection. The desired televison channel is 
selected by tuned circuits. 


A/t/cwra 



Fig. 29. Simplified block diagram of a television receiver. 

The r.f. signal then heterodynes in the mixer with a locally 
generated frequency to produce a lower intermediate frequency 
equal to the difference between the two signals. 

The output of this stage is applied to two sets of tuned inter¬ 
mediate frequency amplifier sections : one of these is tuned to 
sound intermediate frequency and the other to image intermediate 
frequency. The unwanted signals from each channel are removed 
by the application of rejection filters. 

The sound from i.f. signal thus obtained is then recovered by 
employing the stage of anf.m. receiver. The sound channel consists 
of an i.f. amplifier, a limiter and discriminator or a ratio detector, 
one or two stages of audio amplifier and loudspeaker. Image 
signal detector consists of a diode detector, the output of which 
will contain video signal and control pulses. This demodulated 
composite video signal is fed to a ‘sync* separator where the syn- 
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chronising signals arc seggregated and separated from the image 
signals. T he image signal is directly applied to the picture-tube 
and synchronising pulses are applied to beam deflection circuits to 

keep the scanning of electronic beam at the picture tube in step 

with that at the camera tube. 

We shall now give a description of sync, separator. 

Sync. Separator : Sync separator circuit is shown in 
fie 30(a) The sine, typs necessary for synchronisation ol the 
vertical and horizontal oscillators, both relaxation type are extrac¬ 
ted from the video signal and blanking levels. The Nf A transistor, 

used in the circuit, has no forward bias applied and thus is at or 

near non-conducting state. If required, some reverse bias may be 
applied so that only sync, tips will have sufficient amplitude to 
cause conduction and develop the output. 


Syrc Separator 



I ij-. 30 (. 1 ) Sync, separator and output circuitry. 

The sync pulses (equalising pulses, vertical sync, pulses and 

horizontal sync, pulses, lig. 22) arc applied to respective proces¬ 
sing networks ic-quired lor synchronisation ol the vertical and 
horizontal relaxation oscillators. 

Now refer to lig 30 (/'). which repiesents sync, tips that arc 
innut to sync, separator. We note that both equalising pulses and 
vertical syne, pulses have the same repetition late hut their dura- 
1 ,ons dilfcr. Thus, while each type pulse w.ll synchronise the 
horizontal oscillator, only long duration vertical sync, pulse block 
will trigger vertical oscillator and short duration equalising puKe 
will remain ineffective as described below : 

The integrating circuit consisting /^ 3 . C., and ( t has a long 
time constant for vertical block pulses. When short duration 
equalising pulses arrive, then capacitors are charged slightly lor 
each equalising pulse but because the interval between the pulses 
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is longer than pulse duration, these capacitors atonce discharge. 
Thus this pulse group fails to build up a voltage (fig. 30 b) which 
may trigger the vertical oscillator. On the other hand, vertical 
sync, pulses have longer duration and smaller time interval bet¬ 
ween them so that in their case, capacitors do not find time to 
discharge much. The result is that each vertical sync, pulse will 



build up voltage so that the voltage built up by the vertical sync, 
pulse group (fig. 30 b) is sufficient to trigger the vertical oscillator. 
This voltage build up is removed when next set of equalising 
pulses is input to the separator because now capacitors find time 
to discharge. Thus integrator becomes ready again to receive the 
next vertical block. 

For horizontal relaxation oscillator, the sync, pulses are applied 
to the junction of phase detector diodes D x and D 2t as shown, per¬ 
mitting both diodes to conduct. A signal from the horizontal 
output amplifier circuitry is applied to the junction of capacitors 

C 6 and Ci. Thus a bridge is formed by the diodes and capacitors, 
and with in-phase voltages appearing at the diode junction ana 
capacitor junction, a zero voltage appears across the top an 
bottom (ground) of the circuitry. This synchronises the horizontal 
oscillator which then generates the proper frequency. In case it 
docs not generate the desired frequency then the phase ot tne 
signal fed back to the bridge phase detector will not coincide witn 
the phase of the incoming sync, pulses and the bridge becomes 
unbalanced. Consequently, a voltage now appears at the outpu 
(across capacitor C* and at /?:). which is applied to the input or 
the horizontal oscillator and corrects drift in the frequency. 
Vertical and Horizontal Deflection Systems : 

Beyond the sync, separators, the pulses arc fed to the vertical 
and horizontal deflection sections as shown in fig. 30 (c). 

The oscillators commonly used in both vertical and horizontal 
deflection sections of the receiver arc 

(/) blocking oscillator 
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(ii) multivibrator 

(/#/) complementary pair relaxation oscillator 
f/v) overdriven sine-wave oscillator 
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Fig. 30. (c) 

vertical oscillator 

Mul!ivibr r ators n ar'e frequently used to generate scanning signals. 
Multivibrators arc m oscillator, generates a saw 

nonzonta r't retrace The only difference is in their 

SIS The frequency of horizontal sawtooth s.gnal is 

multivibrator vertical oscillator. 

Multivibrator Vertical Sweep System : A multivibrator sweep 
iviuitivio jo 30(«/). Synchronising pulses from sync. 

C scpa U ;l.or ar W e fi.s. made' 'to pass through integrating circuit 


1 


UW-W^-rvv 

itr ri 

control X | 

** A u 

o- j wv v -j^v //w/—jr 



j ^ 4 = l 


i ^ 


)r 

* , < 

• , < 

' < 

< 



* 




\terf/cot' 
t/neor/fy 


tte/gM' 

control 


l ig. 30 {d). A multivibraior sweep oscillator. 
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consisting R u C l9 R 2 and C 2 . Only vertical synchronising pulses, 
which are relatively long compared to horizontal synchronising 
pulses which are relatively long compared to horizontal synchro¬ 
nising pulses, are able to pass. These incoming vertical synchro¬ 
nising pulses trigger Q x and in this way control the frequency of 
operation of Q x and Q 2 . 

The oscillations of this circuit are maintained through the 
feedback pulses which travel from the collector of the output stage 
Q 2 to the base of Q x through C 3 , R* and R t . Across this feed¬ 
back path, a resistance R 6 , called vertical hold control, is shunted. 
By varying R St total resistance of the feedback path changes which, 
in turn, causes the frequency of the oscillator to vary within a 
fairly narrow range. Knob of R 5t is directly mounted on the front 
panel for ready use of user. 

The height control, indicated in the figure, determines the 
amplitude of the voltage transferred from Q x to Q 2> and thus 
controls the vertical size of the image on the face of the picture 
tube. 

Vertical deflection voltage is developed across C 4 . By varying 

which is in series with C 4 , the shape of the voltage reaching 
the base of Q % is varied, and hence the linearity of the image that 
is traced out vertically on the picture tube is controlled. 

The purpose of thermistor, 7, is to maintain the base voltage 
of Q 2 at the level amplitude. Due to significant current flowing 
towards output stage, the collector of Q 2 becomes hotter due to 
continued operation. This, in turn, causes an increase in the 
average current flowing through Q 2 . But as the current tends to 
increase, the resistance of thermistor, 7, will decrease, offsetting 
this increase in current and maintaining a fairly constant voltage 
across the thermistor element. 

The output of Q 2 is applied to vertical deflection coils. How¬ 
ever, the output of the vertical oscillator is not strong enough to 
fill the entire screen in the vertical plane. Therefore output is 
first fed to a vertical deflection amplifier which raises the ampli¬ 
tude level of the output and then output ot amplifier is applied to 
vertical deflection coils. 

Horizontal Deflection System : A second sync-pulse output 
from sync, separator is directed to horizontal deflection system. 
It consists of an AFC (automatic frequency control) circuit, a 
horizontal oscillator and a horizontal deflection amplifier. Hori¬ 
zontal oscillator is a high frequency oscillator (compared to verti¬ 
cal oscillator) and noise is also assumed as comprising of high 
frequency components. Thus there is every possibility of noise 
interferring with horizontal sync, pulses and then appearing at 
the input of hoiizontal oscillator. Therefore AFC circuit (a phase 
detector) is used to precede the horizontal oscillator. For this a 
double diode phase detector is used. Refer to fig. 30 (a) where 
horizontal sync, pulses are applied to the junction of diodes Z>i 
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msim* 

S® S^JtsnwSK 

SKSir.i.s.or sr«i »- "S™* »»-*'» «• 

frequency from 15625 c/s. 

Thus, .hough vertical 



nulscs arc applied whereas to the collector output voltage (con¬ 
verted into a saw tooth wave by C« and /?,) from horuonta 
oscillator is applied. Direction of current flow through ft wil 
depend on whether the sawtooth wave is Positive or negative at 
the moment a horizontal pulse appears at the base of ft. This, 
in turn, will determine the polarity of the control voltage^dcvc- 
loped across R, which is applied to the base of ft (through R„, 
R C\ and C t ) the horizontal blocking oscillator. R 2 is in 
seVies with/?*, a potentiometer that supplies a negative d.c. 
voltage to the base of ft. The complete monochrome television 
receiver is shown in tig. .<>(/). Tuner section, video section, 
sound section and deflection systems have been shown clearly 
with waveforms and frequencies. 
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Fig. 30(f) Block diagram of a Monochrome Television Receiver. 
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T7 20 CHARACTERISTICS OF MONOCHROME 

TELEVISION SYSTEM ADOPTED IN INDIA 

(system B of CCIR*) 

A. VIDEO CHARACTERISTICS: 

(i) No. of lines per picture...625 

(u) Field frequency...50 fields/sec. 

(iii) Picture frequency...25 pictures/sec. 

(iv) Line frcqu^cy...l5,625 lines/sec. 

tolerance when operated ±0 l/ 0 . 
non synchronously 

(v) Aspect ratio (width/height)...4/3 

/ v ;\ Scanning sequence (line)...Left to right 
V v!i) Scanning sequence (field)..Top to bottom 
(viii) Nominal Video Band width...5 mc/s. 

u R. F. CHARACTERISTICS : 

(i) Nominal radio frequency bandwidth 7 mc/s 
i ) Sound carrier relative to vision carrier -F 5 me,s 

(iii) Sound carrier relative to nearest edge of the channel ^ 

(iv) Nominal width of vestigial side band...O'7 5 mc/s 

(v) Type of vision modulation . AM Negative 

v ) Synchronising level as a % o peak carrier 100/ 

} liiant inp level as a % of peak carrier...(72 5 to // 3)4 
[viji) Difference between black level and blanking level as a% 
of peak carrier...(0 3 to 6 5)% 

(ix) Peak white level as a percent of peak carrier^ ^ |2>5)% 

(x» Type of sound modulation...FM 

(xi) Ratio of effective radiated power of vision and sound 
C. DETAILS OF LINE SYNCHRONISING SIGNALS (Fifi. 31 a) 

Si!, i£S^i^V.i«»i»* of««... of 

64 sec.) (= 11'8 to 12 3 ,x sec.) 

(iii) Front porch (c)...2 to 28% of H (=10 to 18 n sec.) 

(iv) Synchronising pulse (</)...7 to 7 7% oftf $ ^ ^ ^ ^ 

(v) Build up time (10 to 90%) of edges of line blanking signal 
(e)...0-31 to 0-62% of H (=0 2 to 0-4 ? sec.) 

(vi) Build up time (10 to 90%) of line sync, pulse (/) 

1 ' 0‘31 to 0 - 62% of H (=0‘2 to 0'4 n sec.) 


•International Radio Consultative Committee. 
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D. DETAILS OF SYNCHRONISING WAVEFORMS : 


(0 

00 

(iii) 

(iv) 

(v) 

(vi) 

(vii) 


Field period (K) ..20 m sec. (=20,000 \i sec.) 

Line period (//)...64 /z sec. 

Field blanking period (,/)...[( 1* to 22) H+\2] \i sec. 
Build up time (10 to 90%) of the edges of field blanking 
pulses... < 6 /i sec. 

Duration of first equalising pulse sequence (/)...2’5 H 
Duration of synchronising pulse sequence (/w)...2*5 H 
Duration of second sequence of equalising pulses (n) 

...2’5 H 


(viii) Duration of equalising pulses (/>)...3-4 to 3*75% of H 

(=2-2 to 2-4 ft sec.) 

(ix) Duration of sync, pulses i e. interval between field 
sync, pulses (r)...7 to 7*7% of H (=4*5 to 4 9 p sec.) 

(x) Build up time (10 to 90%) of the edges of sync, signals 
(5). 0 31 to 0 62% of H (=0 2 to 0 4 /z sec.) 

E. IDEAL FREQUENCY CHARACTERICTICS OF VISION 
TRANSMITTER : 

Intermediate Frequencies : TV Channels in India : 


Vision —38’9 roc/s 
Sound—33‘4 mc/s 


Channel I 40-47 mc/s 

Channel II 47—54 mc/s 

Channel III 54—61 mc/s 

Channel IV 61—68 mc/s 





^8/oc/cieve/ 


$f- '^** 8 &* 


Fig. 31 (a). Details of line synchronising signals, H equals 64 \l sec. 



hffliiirnTrim 


Fig. 31 (b). Signals at the end of even fields. 
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Fig. 31 (c). Signals at the end of odd fields. 
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Fig. 31 (</)• Details of equalising and synchronising pulses. 
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COLOUR TELEVISION 


If the reproduction in colour is desired, some means of 
transmitting information regarding the colour content ot tne 
original scene must be found. Satisfactory colour reproduction 
can be obtained by making use of three properly chosen primary 
colours of specified spectral composition. A number of d'nerent 
colours can be formed by the combination of three colour ^ 
lights. Experience has indicated that the colours red, blue, and 
green, when combined with each other in various P r0 P° rl, °*; s ' 
will produce a wider range of colours than any other combmatio 
of colours. Therefore, red, blue, and green colours as chosen. 
In this section frequency and other related data refer to u.o. » 
TV system. 

37 21. COLOUR TV CAMERA : 

It is essentially a combination of three basic cameras. Light 
from the televised scene passes through the standard camera Ien 
system and strikes at blue reflecting dichroic mirror. The red ana 
green components of the incident light will pass through, but the 
blue light components are deflected to the‘blue camera 
the blue light is converted to a video signal. Next, the main 
strikes a red deflecting dichroic mirror, and the red-light compo 
nents are directed to the ‘red camera’ and are . c0 " ve r led 
video signals. Meanwhile, the remainder of the main beam -^ hic '! 
is now only the green-light component, passes into green camera 
and is converted into video waves. Thus light is converted mm 
video waves corresponding to the red, blue and green co p 
of the original colour scene. 

37 22 MATRIXING NETWORK : 

These three video-signals are not used to modulate: the 
transmitter directly because the bandwidth required for separate 
transmission of three colour signals would greatly exceed the 
limitation of 6 mc/s. To solve this problem, molu'ation sys 
proposed by National Television System Committee (NTSC was 
adopted. This system has been so designed that its signal ° CCU P 
no more than 6 mc/s. (video and sound both signals)andI it carries 
not only the full black and white (or monochrome) signal but. in 
addition, the colour information. Question ii to’w is aU this 
information compressed into a 6 mc/s. band s P read • | ™ f 4 ** /s 
is that since a video signal does not occupy every cycle of 4 me , 
assigned to it. colour information can be mser ed w th.n 4 mc^ 
Partial spectrum distribution of a monochrome sl 8" al ' s sh ® ,, 
fi° 32 (a). It is obvious that video signal (monochrome sign ) 
appears in the form of ‘clusters’ of energy located ncar harmonics 

of the 15,750 cycle line. The energy is 8 ro l ' jnde r , d * r °“ nd cj nce 
points, which have relatively wide gaps between them. Mnc 
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K-*E3isrA»ec MO**i 
Q-CAPAC/rAMCE MMCm^AAAOS 



p ig 32 ,4,. The energy of colour signal is inserted in .he gaps between 
(he energy of monochrome signal. 

.«ri» nnt bein' 1 used, colour information of 

rnd ?he s 8 igna which carries information concerning colour. 

a The Monochrome Signal: The black-and-white or mono- 
'** r iKo total colour sicnal is equivalent in all 

S5K& i&rrz - 

individual colour frequencies, or 

V (VS9G +-0-30/?+O’1 \B. , . 

where Y = a mathematical symbol representing the 

liana! also called luminance or brightness sigiml. 
C=gfeen signal. K = red signal. B = blue signal. 


-at each light separately, green will appear to be iwice as 

-rsssssi'irs =- 

blue. 
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Thus monochrome signal is composed of 59 percent of the 
output of the green camera, 30 percent of output of red camera 
and 11 percent of the output of the blue camera. 

Y signal (luminance signal) modulates the carrier directly. As 
in a monochrome receiver, this will produce an energy spectrum 
ranging from 1*25 mc/s. below the r.f. carrier to 4*2 mc/s. above 
it, as shown in fig. 32 (a). 

(b) Colour Signal: Colour signal does not modulate the r.f. 
carrier directly as Y signal does but, instead they are sent on a 
carrier that fall between the gaps of ‘energy bursts or.f. carrier 
modulated by K-signal fig. 32 (fc). Therefore, first step o select 
a sub-carrier frequency. Then two colour difference signals, / ana 
Q , (to be explained later on) modulate this sub-carrier. 

(/) Choice of sub-corner : The s ub carrier frequency is 
approximately 3 58 mc/s. (the 455th multiple 15750/2=7875 c/s). 
If we use an odd multiple (1,3, 5 etc.) of 7875 c/s. as a 
carrier, then this frequency will fall midway between, the harmomcs 
of 15 750 cycles. If we use even multiples of 7875 c/s. as sub- 

carrier frequency we would end up with 15,750 cycles.‘TthTsame 
its harmonics, and this would place the colour signal iat the same 
points throughout the band as those occupied by monochrome 

signal (Y). Therefore to avoid this overlapping between colour 

and T-signals, we use an odd multiple of 7875 c/s. so ‘Jj® 1 ® 
carrier frequency which is modulated by two colour difference 
signals, falls in between the bundles of energy produced by th 
first signal (/). 

(«) Colour difference signals : We have used above the word 
•colour difference signals'. Let us explain its meaningnow. 
In fact, we do not modulate the sub carrier with three different 
voltages R, G and B but can do the same job by usmg only t 
quantities if we resort to the following modification . Take « 

and B voltages, and combine each with a portion of the m n 
chorme signal Y. after the later has been inverted to 180 deg. This 
produces R-Y, G-Y and B-Y signals. The circuit to achieve Ms 
shown in figure 33. A portion of T-s.gnal is taken,it is then^passed 
to a low pass filter so that low frequency component are allowed 
to pass through. This is desired because colour signals «* 

concerned only with low frequencies. Low frequency components 

of T-signal are then applied to an amplifier. At the 
amplifier Y signal will be inverted to give—T (low frequen y 

ponents), -Y is then added to each of the three colours C,^, and 

B to cive a G-Y, a R-Y, and B Y signal. Each of 'hem'scalle 
colour difference signal (At the receiver ongunliR. < SnABtM 
obtained by adding Y to G-Y, R-Y and B-Y). Once this is done « 

turns out that instead of requiring the three colour difference 

signals only two, say R-Y and B Y. can serve the purpose ot three. 
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Fig. 33. Circuit to obtain colour difference signals. 

This is because C information is already present in brightness 
sj C nal Y since K=0’59<J+0'30/?+0'l IS. Hence if we send along 
only R-Y and B-Y in the colour signal to the receiver, we can use 
these two to obtain the third G-Y inlormation. 

(Hi) Modulation by colour difference signals: These two colour 
difference signals R-Y and B-Y, then modulate the 3 58 mc/s. sub- 
carrier separately. R-Y and 3-58 mc/s. carrier are applied to one 
modulator circuit; whereas B-Y and 3 58 mc/s carrier to another 
modulator circuit. The output of each modulator consists of 
3-58 mc/s carrier and a series of side bands. The modulation 
intcllinence is contained in the series of side bands that extend 
above and below 3 58 mc/s. The extent by which side band extend 
above and below 3 58 mc/s. depends on the band of frequencies 
contained in R-Y and B Y modulating voltages. It was discovered 
that the eye is satisfied by the colour image produced if we include 
colour information upto I 5 mc/s., while the portion of image 
from 15 mc/s. to 4 0 mc/s is reduced in black and white. Hence 
side band frequencies of R-Y and B-Y modulating voltages need 
extend only from 0 to 1-5 mc/s. Since the frequency range of side 



Fig. 34. Resultant carrier for various amplitudes of D-Y and R-Y. 

bands due to two modulating voltages is the same, means should 
be found to prevent this interference. For this, subcarrier (3 58 
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mc/s) for one of the singals is first shifted to 90° before ^duhUon. 
Therefore, side bands of B-Y and *-7 would then be 90 apart 
and when they add vectorially, they produce a resultant that will 
shift towards the stronger signal as illustrated in fig. 34. 1 bus tne 
phase angle of the resultant will be governed by the colour ng 
or hue* of the picture where as the amplitude (or length) ot the 
vector determine saturation! of the colours. 

It has been investigated that human eye sees a full coIou K r . I r .f"f f 
only when the area of object is relatively large. The capability of 
eye to distinguish between different colours decreasesi as the «zo ot 
the object decreases and consequently, only 
well. That is, whereas for large objects eye required three colours, 
in medium size areas eye would need only a 1 'm Kd range of 
colours which can be achieved by two colours and 1 theirr various 
combinations. In view of this property of eye, vve "°* re ^ is | e ° 

previous statement that side band frequencies of cdour modulaUng 

voltages R-Y and B-Y need extend only from 0 to 1 5 mc/s. Beca 
usS large objects or areas, say which are produced by video 
frequencies upto 0 5 mc/s. three primary colours are fequired an 
for medium size objects, say, those produced by t'deo frequeneies 
from 0-5 to 15 mc/s. only two primary co^urs need employ d 
Taking the advantage of this situation, weneed ‘wo colour^'8" U. 
one wnich has a band pass only upto 0'5 mc/s andot 
has a band pass from 0 to 1-5 mc/s. We shall choose them as Sand 
I colour difference signals as described below. 

(i v) Composition of colours : Q and I colour difference signals : 

We have already stated that by the composition of he colours 
other colours can be obtained. Therefore, next problem -s to 
determine the composition of these two colour signals K t 
B-Y. We know that 

j'=0 , 59G+0 , 30/?+0‘l \B 

so that (0-59G+0-30K+011B) 

=0-70/?—0-59G—0115 

and B.y=B—(0-59G+0-30*+011fi) 

=0-89fl-0 59G-0-30R, 

which show that R-Y and B-Y vector c . on,ai " 

in proportions shown. Suppose the colour cameaisscann g 
scene containing only red Then no green and blue oltage^ 
be present and R-Y signal becomes 0 10R, w « r s.g fee 

ducedto -0 30 R. Then the position of resultant vect 

as shown in fig. 35. Similarly, we can obtain the position^ 


•Hue represents colour, such as red, green and orange. The* 
associated with colour wavelength and when we call a certain 

or orange, or red, we are specifying its hue. . , alu . 

tSaturation tells us how -deep’ colour is. If the colour is h.ghly 
rated, we say that it is a deep colour. 
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the resultant vector occupies when 
only green or blue or any other 
colour formed by combining the 
three primary colours, is being sent. 
Various colours are shown in fig. 3o, 
which also predict that how the 
phase of the colour subcarrier 
depends upon the colour to be sent 
(transmitted). As mentioned previ¬ 
ously, hue and saturation determine 
the phase angle and amplitude 
(length) of the resultant signal. 



Fig. 35. Position of signal vector 
when only red field is 
being scanned. 




Fig. 36. Phase of colour sub¬ 
carrier. 


Fig. 37. Posilion of / and Q signals 
wiihrespcct to R Y and B Y. 


The designers of NTSC system found that operation o f the 
• imnmvf**! if ihcv choose two other signals labelled as / 
and'o (whTc P h «e not far from and I B- Y signaU see 

fie 37 ) to modulate 3*58 mc/s subcarr.er instead of R-Y y 

cinnoU Furthermore, Q signal possesses frequencies uptoO 5 mc/s, 

(l .) Advantage of using I and Q signals instead of R-Y and B-Y. 

Unto 0 5 mc/s both / and Q are active (/ possesses frequen- 
• c fmm 0 to 1’5 me and Q upto 0-5 me) and as they arc 90 
apar TaOcr modulating subcarrier 3 58 me) they wiU produce tn 
combination with each other, all colours (shown m fig. 37) exactly 
° „ y ., n( i R-Y acted (fig. 34). But the situation is different for 
t deband frequencils from 0 5 me to I-5 me., because for this 
Sld _ n iy / cipnal is left to produce colour on the picture tube 
Ic a reen Refcr1o fig 37. we find .ha, the positive value of the / 
sienal will produce colour between yellow and red, or actually a 
reddish-orange, and negative values of / will produce colours bet¬ 
ween blue and cyan. or. in general the bluish-green range. Hence 
/ signal alone is capable of producing colours from reddish-orange 
to bluish green. Since eye is sensitive, for medium sized objects 
(those produced by video signals from 0 5 me. to 15 me ), to 
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bluish-green or reddish orange. I signal thus obviously takes the 
advantage of this property of eye. 

17 23. SIMPLIFIED COLOUR CHANNEL OF A TV TRANS¬ 
MITTER : 

A simplified colour portion of TV Transmitter is shown in 
figure 38. 



Fig. 38. Simplified colour portion of a TV transmitter. 

There are following operations j 

(/) Monochrome signal. T, directly modulates the carrier; the 
components extend from 0 to 4 mc/s. 

(/'/) The two colour difference signals / and Q modulate a 
subcarrier whose frequency is set at 3*58 mc/s. 

Q signal has colour frequencies that extend from 0 to 0‘5 me. 
This means that when it modulates the subcarrier, upper sindband 
extends from 3*58 me. upto 3-58+0-5, or 4 08 me The lower Q 
sideband goes from 3*58 me. down to 3*58—0*5 or 3 08 me. 

/ signal has colour frequencies from 0 to 1*5 me. so that, when 
it modulates the subcarrier, lower sideband would extend trom 
3-58 me. down to 3*58-15, or 2’08 me. Upper sideband should 
extend from 3*58 me. to 3-58+1*5 or 5 08 me. But we know that 
band spread for both signals-video and audio in NTSC system 
is 6 me. This means upper side band of / signal at 5*08 
alongwith audio signal would need a band spread of more tnan 
6 me. Therefore, to keep upper side band within the limits ot o me., 
the I signal colour frequency .is limited to 0’6 me. so that, art 
modulation, upper sideband would extend upto 3*58+0*6• or 
me. The video side passband then ends sharply at 4-5 me. (ng. 

(HI) The process of modulation of subcarrier by / and Q 
signals is performed by balanced modulators. Subcarrier to one 
of the balanced modulators is applied after shifting its phase by 
90° which is necessary as explained earlier. Balanced modulator 
suppresses the colour subcarrier and only sidebands are sent 
through. Subcarrier suppression has following advantages ana 
disadvantages : 
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Distribution of full colour signal within its 
allotted band. 


Advantages : 

(a) It reduces the formation of a 0 92 me. beat note between 
the subcarrier 13*58 me.) and 4 5 me. sound carrier. This beat note, 
jf present appear as a series of interference l.nes on the face of the 

picture tube. . „ , . . 

ik\ „ leads to an automatic removal of the entire colour 
•„ na l i hen the televised scene is to be sent wholly as a black-and- 
Xe signal When this occurs. 1 and Q decrease to zero, and 

since the balanced modulators suppress the earner, no colour 
signal at all is developed. 

Disadvantages : . 

T„ demodulate. / and Q sidebands at the receiver, it is essen¬ 
tial to reinsert subcarrier. Consequently, a 3-58 me. generator is 

1 3 .-If ., .he receiver stage which would supply subcarrier to / 
X O demodulXr Note that the subcarrier is shifted to 90“ 
before ft is applied to the / demodulator. This is done to com¬ 
pensate for the original 90“ shift of subcarrier when applied to / 

modulator at the transmitter. 

t 0 reproduce the subcarricr at the receiver with exact 
freoucncy and phase, information is sent as a ‘colour burst along- 
f Xh the signal Burst contains atleast eight cycles of subcarrier 
H isnhased in step with the colour subcarrier used at the station. 
This burst is superimposed on the back porch of each horizontal 
synchronising pulse. At the receiver this burst is used to lock in 
he frequency and phase of a 3 58 me. generator, and thus ensures 
the exact frequency and phase of the subcarricr. 

37.24. COLOUR TV RECEIVER : 

A simplified diagram of a receiver video and chroma section 
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is shown in figure 40. We shall describe few points regarding the 
operation in brief as under : 



f££0 MCK100* 


Fig. 40. Simplified diagram of a receiver video aod 
chroma section. 

(/) The sound section (IF amplifier, FM detector, and audio 
amplifier) is identical to that of a black-and-white receiver except, 
inorder to reduce possible interference, sound-channel take-ott is 
affected at the output of the composite IF amplifier and a separate , 
diode mixer is used to produce the 4-5 mc/s sound IF. 

(i7) Horizontal and vertical deflection circuits are also quite 
similar in the two receivers. 

(///) The main difference in colour receiver and black-and- 
white receiver is that the video amplifier section is expanded to 
include the chroma circuitry. 

As shown in figure, after video amplifier, Y signal (luminance 
signal or composite signal or brightness signal) is separated trom 
colour signals I and Q. Let us describe it in two separate points : 

(а) Y signal : Y signal is passed into the luminance block tor 
further amplification and is finally fed to the three cathodes of a 
three-gun cathode ray tube (fig. 41). This signal, of itself, will 
produce a complete black-and-white picture. 

(б) / and Q signals : As shown in fig. 40, the output of first 
video block is also fed to a band pass filter and amplifier. 

this stage, only sidebands (of modulated subcarrier by / and y 
signals) and subcarrier bursts (sent to keep phase and frequency o 
subcarrier generated at the receiver by 3*58 me. oscillator exactly 
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the same as that of the subcarrier at the transmitter) will pass. 
These signals are fed simultaneously to the Q demodulator, / de¬ 
modulator. and the burst gating amplifier. 

Q and / demodulators produce Q and / video signals Note 
that subcarrier to / demodulator is shifted in phase by 90 as com¬ 
pared to that applied to Q demodulator. This is to compensate for 
the original 90“ phase shift as the transmitter The matrix network 
converts these 1 and Q video signals inputs into R-Y.G-Y and B-Y 
signals whfch are then fed to the separate grids of. threc-gun tube 
(fiu 41) The combination of Y signals on the cathodes, and R-Y, 
G Y and B Y signals on the grids produce three electron beams 

that are dependent on the amplitude of the red, green and blue 
components of the televised scene. 

Burst gating amplifier conducts only during the burst intervals 
an<Hts*output K used (through AFC and feed back circuits to 
maintain correct phase and frequency ol 3 58 me. subcarncr 
generator. 
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J ig. 41. Basic elements of a colour picture tube. 

IM Picture tube : The screen of a colour picture tube consists 
of a do pattern of three types of phosphorous (fig. 42) that emit 
°' ,n blue, and red light, respectively, when excited by the elee- 
frnn beam For each phosphor colour there is a separate electron 
hcam originated and controlled by its respective electron gun. All 
the three electron beams arc focussed — 

and accelerated together and they are 
deflected by a single magnetic defle- 

ction^yo^k phoS p horcsccn | dots which 

produce colou.cd light arc arranged on 
ihc screen in an orderly array of small 
triangular groups, each group contain¬ 
ing a green-emitting dot. a red emitting 
dot and a blue emitting dot. The actual 
number of such dots, for a 21 inch 
screen is about 1,071,000. With such a Fig. 42. Phosphor dot screen. 
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number of dots, there are 357,000 trios. Each dot has a diameter 
of approximately 16 mils. If all the three dots in a group are 
bombarded at the same time, the combined red, green, and 
blue light output will present one colour to the observer’s eye. 

EXERCISES 

1 . Discuss how the azimuth and range of a target is measured with the 
help of PPL Calculate the maximum range of a radar set. 

2. Describe in full the radar transmitting and receiving systems with refe¬ 
rence to radar antennas. 

3. Explain the principle of picture transmission. Describe the transmitting 
and receiving components and their functions in a TV set. 

4. Decribe, in detail, the mechanism of colour picture transmission. Ex¬ 
plain and sketch the block diagram of a colour TV. 

5. Explain what do you understand by blanking and synchronising pulses ? 
What are the functions of these pulses in TV ? What is a front porch ? 
Give briefly method of arranging a front porch of 1*25 p see. Draw a 
neat sketch of the composite video signal. 

6 . Describe the construction of a TV picture tube. How is magnetic deflec¬ 
tion obtained in such a tube ? Discuss the various controls provided, 
giving necessary circuit diagrams. 

7. Describe, sketching all rclevent details, the composite video signal for 
TV transmission. Explain how the level of background brightness is 
maintained at the same level for each segment of the signal. 

8 . Describe, by a block diagram, the general working of a TV receiver. 
Explain, showing a special circuit, the operation of the sweep circuit and 
enumerate its special features. 



ELEMENTS OF MASERS AND LASERS 



Maser is acronym for microwave amplification by snmuiated 
emission of radiation and laser is acronym for light amplification 
bv stimulated emission of radiation. In the laser, the maser princi¬ 
ple has been extended to optical or visible light frequencies (of the 
order of 10“ or 10 15 cycles per second) and is, therefore, also 
termed as optical maser. As" shown in fig. I. when stimulated 



Fig. 1. Flcciromagnclic Specirum. 

emission occurs below the infra red portion of the electromagnetic 
_ncctrum the term maser will be employed and when stimulated 
emission occurs in the infra red, visible and ultra violet portion of 
the spectrum, the term laser or optical maser is used. 
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38 1. CONCEPT THAT LED TO THE ORIGIN OF MASERS : 

Dr. Charles H. Townes, in 1951, was asked by the United 
States Navy to help find ways to extend to still higher frequencies 
the range of microwaves that could be used in communication 
work. Dr. Townes then was professor of physics of Columbia 
University in New York City. 

Dr. Townes was aware that the practical upper limit of fre¬ 
quencies that could be generated with the help of tubes and cavities 
was about 3'10 u c/s and it was hopeless to consider a further re¬ 
duction in the size of cavities to fit the still more higher frequency 
(microwaves) generation and therefore he thought: 

‘Well, then, if man made structures would not do, why not try 
some of nature’s smallest structures ? Molecules, for instance ? 

‘Could a great number of gas molecules be energized and then 
in response to weak electromagnetic waves of suitable frequency’ 
be stimulated to emit additional radiation at the same frequency ? 
This became the basis of maser operation and Townes led to the 
development of devices that used energy levels within atomic sys¬ 
tems to produce wavelengths too short to be produced in any other 
manner. 

38 2. BASIC PRINCIPLE OF MASER OPERATION: 

In explaining the principle, we shall use the term coherent 
stimulated emission, population inversion and pumping. Therefore, 
it is essential first to write few lines about each of these terms. 

(i) Coherence : The qualification of short wave transmitter 
demands that it should be 

(а) powerful, 

(б) pure and precise, and 
(c) free from noise. 

All these factors require that full radiated power should be 
concentrated in a narrow frequency band as narrow as 1 mc/s. 
This requiiement can be fulfilled only when the radiated beam is 
coherent as explained below : 

Though sun radiations are most intense but they cover a 
wide range of frequencies from deepdown in infra red, through 
light, to far into ultra violet. Therefore, power of radiation with 
a bandwidth of 1 mc/s is found to be quite low. Similarly, radia¬ 
tions from ordinary light sources e.g. tungsten filament, neon and 
fluorescent tube lights, cover wide range of frequencies, i.e. t their 
output is spread over a wide range of frequencies without supplying 
much power at any particular frequency. In other words, output 
of such light sources is irregular, mixed, composed of bits and 
pieces, differing in their frequencies, directions and durations or in 
short it is incoherent. The incoherent beam is thus noisy and can 
not be intensely concentrated into space whereas coherent beam is 
uniform infrequency, in amplitude and continuous. For long range 
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Fig. 2. Possible interactions in light and matter. 
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(b) Absorption :Photons of suitable size shower down on un¬ 
excited atoms. Photons are absorbed by the atoms. The energy of 
photons is converted into internal energy of the atom. The atom is 
then raised to an excited energy state. At some later instant, the 
excited atom may radiate this energy spontaneously emitting a 
photon and reverting to ground state or some intermediate state. 
Refer to fig. 2 ( b ). 

(c) Stimulated emission : Photon of suitable energy size shower 
down on excited atom and each atom emits a photon of size identi¬ 
cal to the stimulating (incident) photon. Thus it results in the 
appearance of one additional photon. Refer to fig. 2 (c). 

In spontaneous emission, the atoms emit the photons separa¬ 
tely and at random and we can not predict which atom among the 
excited atoms will emit next, i.e. t one can not be sure of the direc¬ 
tion or timing of emission. Thus spontaneous emission is incoher¬ 
ent, whereas stimulated emission takes place only when a photon 
of the same size as that which the excited atom is ready to emit, is 
showered down on the latter. The timing of emission of additional 
photon is thus subject to the incidence of stimulating photon and 
therefore, exact. Both photons (stimulating and stimulated) fly off 
together in identical direction. Thus one can always be sure of the 
direction and timing of emission or in otherwords stimulated 
emission is coherent with stimulating emission. 

(iii) Population inversion and Pumping : Most atoms have 
many possible energy levels. Let for the present discussion, we 
consider that each atom has four possible energy levels and the 
body of matter constituted by such atom is in a state of thermal 
equilibrium, i.e ., its temperature is steady. We take that the tem¬ 
perature of the body is quite low and predict the number of atoms 
in each of the four possible energy levels, called the population at 



Popo/afy'o/r of ofo/r?s erfeaefi energy /eve/ 


Fig. 3. Population at low temperature. 
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that level by «g. 5- The largest population is i. the ground «■»- 

,hI tr — f Todt=^. 

in fig. 4 (a), >\e note that at the lowest energy level, 

less though biggest P°P u £ l,( ? increased by showering over the 

As the temperature is further ca population differences 

body the photons of suitable energy size P V 
are further decreased as shown in fig. ( >• 


Pig. 4. («) 



Population a. different level* in a body 


ac a higher temperature. 



Fig. 4. (b) Population at different levels in a body at a still higher temperature. 

When bY some means it is arranged that population at higher 
energy levels is more than that in the lower energy levels-process 
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called population inversion or reversal , then a chain reaction of 
emission will start. Some atoms in H level will start the chain to 
G level, emitting a photon. Each photon will start the chain reac¬ 
tion of stimulated emission and thus most of the photons (born 
as a result of stimulated emission) emitted are completely coherent 
and uniform with one another. It is thus obvious that population 
reversal is essential to produce the stimulated emission. 

The method by which such a population inversion is affected 
is called ‘pumping*. In this process atoms are raised to an excited 
state by injecting into the system electromagnetic energy at a 
wavelength different from the stimulating wavelength. The process 
will be described under the separate head of solid state maser. 

In short, maser principle can be stated as follows : 

Population of atoms in higher energy level as compared to 
lowest energy level is increased by pumping the matter by photons 
of appropriate size. Thus atoms are excited to higher energy states. 
During the period in which the atom is excited, it can be stimulat¬ 
ed to emit a photon if it is struck by an outside photon having 
precisely the energy of the photon that would have otherwise been 
emitted in spontaneous emission. Then stimulated photon (emitted 
wave) falls precisely in phase with the stimulating photon (incident 
wave). For stimulated emission to predominate over absorption, 
it is essential that excited atoms should be in excess in the active 
medium. 

38-3. DESIGN OF A MASER : 

The first problem encountered in the design of the maser is 
to prepare active medium in which most of the atoms can be 
placed in an excited state. Then an electromagnetic wave of 
suitable frequency is made to incident upon this active medium 
that results in the stimulated emission of cascade of photons. As 
told previously, excited atoms must outnumber the normal atoms 
for the stimulated emission to predominate over absorption. 

To prepare the active medium, electromagnetic energy is pum¬ 
ped into the system. After preparing the active medium, it can 
be enclosed into a reflecting box or cavity resonator of appropriate 
dimensions. 

When the medium is stimulated by the electromagnetic wave 
of right frequency, emission starts. The stimulated waves (photons) 
will all have the same frequency. When enclosed in a box, the 
reflections will occur at the two reflecting walls. These reflections 
will amount to additional stimulated emission—the so called 
amplification of stimulated emission. The box can be so designed 
as to allow the building up of waves with only one mode of 
oscillation (and hence of single frequency)—the mode of stimula¬ 
ted radiation. Thus with appropriate dimensions of the box, a 
steady wave is built up in the box. 
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38-4. THE FIRST MASER (Gas Maser) : 

In 1954, C. H. Townes, with James P. Gordon and Herbert 
J. Zeiger, constructed the first maser. This is also called as the 
Ammonia Gas Maser. The scheme is shown in fig. 5. 



Fig. 5. Essentials of a gas beam maser. 

Townes based the use of ammonia on the findings that an 
ammonia molecule, consisting three hydrogen atoms and one 
nitrogen atom, has two energy slates (levels) with an energy d.lTe- 
rence equal to the energy of a photon whose frequency is 24,000 
mc/s Further, excited ammonia molecules arc repelled by an 
electric field while unexcited molecules arc attracted by the electric 

field. 

Oneralion : Ammonia molecules arc excited In the oven E. 
They stream out of the outlet //. This stream of ammonia molecu¬ 
les is then passed through the separator 6 which consists of 
charged rods! The electric field due to the charged rods attracts 
the unexcited molecules while excited molecules arc repelled. Bu 
since the separator is cylindrical in the shape, repulsion from all 
sides will he balanced so that excited molecules continue to move 
alone the axis of separator. Thus unexcited molecules are removed 
from the molecular beam and only excited molecules reach the 
resonant cavity C. Then these excited molecules are subjected to 
stimulated emission by a microwave beam (a beam of photon) of 
frequency 24,000 mc/s that enters the cavity through the wave¬ 
guide W. 

Output : Stimulated photons (photons given out by the excited 
molecules due to the incidence of microwave beam or stimulated 
wave) sufier reflection from the wall of the cavity, colliding with 
molecules and producing additional photons. The cavity is desi¬ 
gned so as to build up the stimulated photons of frequency 24,000 
mc/s., to usable strength. The frequency deviate only 3 to 5 kc/s 
from its centre frequency of 20,000 mc/s, i.e. bandwidth is narrow. 
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38 5. SOLID STATE MASER : 

In gas, the molecules are not so closely packed as they are in a 
solid Due to this reason the power output of the gas beam masers 
described earlier, remain low. There are two types of solid state 
masers as discussed below : 

(a) Inversion Maser: In most atoms, the electrons pair off 
so that the magnetic field from one cancels the magnetic field of 

other and no magnetic field is associated with these atoms. But in 
the atoms in which unpaired electron exists, a resultant magnetic 
fie d s Always associated with such atoms. Jh«e materials are 
called paramagnetic substances and unbred electron can exist 

at a number of energy levels. Example is phMpforou*. chromha. 
Thus each atom of chromium has unpaired electronandIther^ 
fore, it behaves like an ion rather than like a complete normal 

atom. , . 

We consider a ruby crystal as active material. It is ai synthe¬ 
tic crystal in which a small percentage of abminmm atotM « « 
placed by chromium atoms, -the latter bang called a impur fy 
or guest atoms. Percentage of chromium awms 's kept low pa 
cularly because they work better when ^P^'^^'e^twcen 
by a large number of aluminium atoms. The 
the energy levels of the active materials .(crystal) can be varjea^y 

the application of magnetic field of var y |n 8 str ® 8 jn transition 

chromium atoms can be tuned ma S? et ‘ ca ’! y . h transition fre- 
frequencies-stronger the magnetic field, higher the transition 

quencies. 

Operation : We proceed in the following steps : 

(/) First the ruby crystal is subjected to a *“ d 

will fit a suitable energy gap between the lower energy “ 
higher energy state H of the crystal. More chromium 
be found in L state. 

(«) Crystal is then cooled by placing itcooling, 
remove the energy of random atomic motion. latc L an( j the 

most of chromium atoms fa! I in the two 

difference in the population of the chromium atom 

energy states will be sufficient. 

(i ii) The crystal is then subjected to high ^fust 

signal. The frequency of this nucrowave signal is varied • 
as the frequency reaches and passes the Deque® y ' and 

the energy difference between the chromium atoms in L q( . , he 
those in H slate, population reversal takes place i.e.. 
chromimum atoms are raised to high energy state, n. 

O’ 1 ') Due to this population inversion, chromium ‘ jons 
are excited fall to lower energy state L E 1V "S °" he input 
(photons). Obviously, stimulated emiss.on start at J ^ 

microwave signal frequency which matches the ene gy 
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r w ciates Thus emission starts at 

between ehromiu^^ to which the energy gap between 
the desired tradition freq y t | ication 0 f magnetic field 

L and H states was adjusted oy u.c ff 

of appropriate strengt . Feher H. E. D. Scovil and 

Sffii- operated 

maS We choose ‘ 

stated-'in bc.w-n"a,e ; fnd // the highest of the three. 

Tergal is cooled so that larges, possible difference in the 
size of population of three levels occurs as shown fig. 6. 
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Fig. 6. 
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is made to fa., o-«he cry^ The — wj.. star, atonce. 

Excited atoms fr ° m r ^,,'^'Jhich corresponds to the transition 

action will emu the freque Y P hence CO i responds to 

from M to L. Th,s '^V^ from L w H sUte. The pump freque- 
a lower frequency, than that Irom t the a(oms) wh|ch CO rres- 

ncy (frequency ol the wave u L and H states is obviously 

ponds to the energy g P r rea uency (from M to L state). 

P hig her than emtss.on«^ s 7 ave many parts as shown 
Arrangement . MultHevei m /> , he wavcgU ide 

in fig. 8. C is the crystal, fi'he resona^ id c pipe. S. through 
through which pumpmgen gy t0 be amplified (by the 

which the stimulating «?' a, '° n frequency as that of the signal 
addition of the photons o the same frequen y s(imu)aIcd s . 

emitted by excited atom ^g^Ti*^isolator : O is the ou.-le.: 

ss aura 

!8SS?l££ “ “ -»p» r » “* "<” al of 

JfSIoN OF MASER PRINCIPLE TO OPTICAL 

tors at both ends. 
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Fig 9. Townes proposed model 
rr>at»»riil is cncrci7cd by the pulses of light from Hash 
U AC \Vheii emission ^cgin's^ photo ns that do not travel parallel 
tube. Whc cylinder will leave the cylinder through the 

,° the mam “^.^'tr ^mcdialcly or after one or two off angle 
rSons Thus such photons will no, collide with other excited 
atoms of the active material suffer 
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reflections, in their way, they interact with other excited atoms of 
the active material and thus produce more photons. Due to the 
chain reaction of stimulated emission, intensity of photon beam 
parallel to the axis of tube grows on. If one of the reflectors is 
partially transparent (say 10% transmitting) then some of the co¬ 
herent light (stimulated photon beam which is parallel to the axis 
of the tube) would emerge through this reflector and serves as out¬ 
put laser beam. 

38 7. RUBY LASER : (Solid Slate Laser): 

In 1960 T.H. Maiman constructed the first laser using a ruby 



Fig. 10. Essentials of a crystal laser pumped by pulses of light from a 
photon discharge tube. 

crystal. It is capable of generating very high power for very short 
intervals of time. Arrangement is shown in figure 10 and explain¬ 
ed as follows: 

Operation : . 

(/) Active material is a small cylinder of pink synthetic ruby, 
about 0 5 cm. in diameter and few centimeters long. Ruby contain¬ 
ed 0-05% of chromimum, imparting a pink look to the crystal. 

(//) It is pumped by powerful bursts of light from a flash 
tube. 

(///) Chromium atoms are excited and raised to//energy 
state. Population is reversed. From higher energy state they do 
not return to ground state in a single jump but instead they require 
two steps to return to their ground state. First return is from n 
state to metastable state M which is a shorter jump and energy 
emitted in this transmission is passed to the crystal lattice as neat. 
This energy is thus not radiated in the form of photons. Refer to 
fig. 11. . . 

(iv) The chromium atoms returned to M level can ^ em ^° ,n 
this state for several milliseconds—the so called metastabie stai . 

(v) The accumulation of coming excited atoms at the M level 
increases the population at M level and then transmission occurs 
from MioL level emitting out the photons, The emissioniis 
significant. Stimulated emission starts. Photons travelling par - 
1 lei to the axis of the tube (crystal) will start a cascade of photon 
emission while the photons travelling in any direction otner man 
this will pass out of ruby. The process is explained in ng. u- 




Elements of Masers and Lasers 


photons 
G' rtOP £«£*<% 
4 : MS AT TO T/f£ 
L47 r/Cc _ 


PHOTO** 
f#£QO£HCy 
S600*A TO £*C 


PmOTO*S OP 63*1* a 
' AAP PM/77’60 //V 
nM*s*no«r*OMjM* 

o sMjr-8g*25£ 


' *YSTAL | G tAS£* f*£QO£*CV 

OPOUMD 

II. ^Energy level diagram for Ruby laser. 

40 GT CPVST 41 /A/CVl'VOfiTCAL POP AT 


WM / o t VVI 

7. ASHLAMP 446WS POMP/M6,PA/S/M6 ATOMS 
iom*£C ev£LS, uvroors.PUMVA /6 


7 4/fo £m/ss/om covr//vo£S or rA £ 
L *>/rorO’VS aapau. £ 1*0 r*£ Ajr/ ± 


£Cr/Q* roPA/S WA*£ '# or//£* &*£Cr/ov 
yir/yjspy C0A/7/A/O6S 70 0*0* 


--I - our pvt 

• • • • • ° ° !• LAS6P 

— - SPAM 

O • 0 0 9 • • ° '» ° | Oc/PAT/OA/ 

A 6(/PS 7 OP COm£P£/V7 L'G"7 /5 £M/77£0 500 <cSea 
PPOM SL /G//7L Y rPAMSMAPG/S r Su*74C£ 

2. Laser beam production by stimnlatcd chain reaction. 
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(vi) Photon beam parallel to the axis of the crystal grows in 
strength and some of it bursts through the partial reflector and 
serves as output laser beam. 

(vii) The frequency of stimulating wave corresponds to tne 

energy difference between G and H states (5600 A ) whereasistim- 
lated wave (output photon beam) corresponds to the energy diffe 
rcnce between M and G states (6943 A). . 

Output: The output beam-a red 'aser flash-have pnn P 

beam, since all photons travelling parallel to the axis have sp 

time and directional coherence. Wondbure 

Shifting the laser frequency ; Raman Laser . E. J. " . | 

discovered that by passing a beam of ruby laser light B 
vessel containing benzene, additional wavelengths on either 
6943 A" wavelength of ruby laser were produced. 

38 8. GAS LASER : 

The main drawback of Ruby laser is that .the W'be^s 
not continuous though very intense. For£ nse .' In 
require continuous laser beam though may be ess in 
1961, Ali Javan, W.R. Bennett Jr. and D.R. Hernott reported 

continuous laser. 

The arrangement is shown in fig. 13. 



Operation : . 

(i) A long narrow quartz tube contains a gas mixture, co “’ t 

sa issas iEsxStitai’s*" - 

a partial reflector. 
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r/n Mixture is pumped by injecting electromagnetic energy 
into the tube through the" metal bands. The pumped wave has a 
freauenev of about 4*10 7 c/s. . , 

(///) After excitation, stimulated " s '* r “The 

4 o.-7 , n H wc eet output aser beam of about 41) watts, i ne 

frequency o^output b^ain in gas lasers ^j^yjsibh^red 

2-6 ' 0 '; c ^e ( fin«S n that in uSTSer? m contrast to all lasers or 
mfsers described earlier used pumped frequency .s lower than the 
output beam frequency. 

38*9. APPLICATIONS OF LASER : 

1 11 They have got wide medical applications. They J lavc ‘^‘ cn 
ned successfully in the treatment of detached reunas. In treatment 
of both hSmanand animal cancers a prehmmary success has also 

been obtained go( wjdc j n(luslr j a | and chemical applications. 

-can r -S-rS JTroTeed 

i a J£ SC1S2Ti- >.<* 

freauency the laser beams have become a means of commun.ca- 
[ on between earth and moon or other satell.lies 

, 4 , Their study is also oriented for the military purposes. It 

• nrrdictcd that they would become the legendry death ray that 
cou P .d annihdatc anything, near or far. Thus laser is being dove- 

loocd to serve as a war weapon. _ 

P ( 5 ) The use of lasers in computers is under solid 'nvcst'ga- 

• Ll.lcularly by IBM corporation. They arc tying to transmi 
an entire memory bank from one computer to another by the use 

of laser beam. 

EXERCISES 

Fxolain ihe process of stimulated emission. Draw a neat diagram to re- 
present the component of sol.d stale maser. Explain ihe operation. 

Wh ,1 are different uses to which laser beams arc put ? Explain the ope¬ 
ration of a gas laser with the essential components. How stimulated 
emission takes place with the exchange of energy between Helium and 
Neon acorns. 




2. 
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EXPERIMENTS 


EXPT. 1. To design a.c. and d.c. V.T.V.M. 

Circuit for design is given in the figure 1. 

Procedure : 

li) For the measurement of D.C. voltage : Connect d.c. volt¬ 
age to AA terminals. Then with d.c. voltage off, select a range 
(say 5K) with the help of switch Si and adjust meter scale (y>A 
reading) at zero by varying Pi. Now apply full voltage corres¬ 
ponding to a given range and adjust meter scale reading (fiA scale) 
to full scale with the help of P 2 . Then give IK, 2K, 3K etc. upto 
5K (with the help of voltmeter attached with d.c. voltage device) 
and note \lA reading for each applied voltage value. Plot a graph 
in voltage and fiA reading. 

Similarly for other ranges procedure can be repeated. 

(ii) For the measurement of A.C. voltage : Connect fig. 2 
apparatus at AA terminals of fig. 1 and proceed as explained in 
d.c. voltage measurement. 

s*irc* * * 

n^lEAOADJViTMENT * 

r-mu scale f -^ vAVA -, 

2 ADJUSTMENT 








v.rvM- 


Fig 1. 


-L DA TO 


-D.c.ro 
JTAAASS ... 
MSASi^MSNf 


Fig. 2. Arrangement to be attached at AA terminals of range 
measurement if A.C. is to be measured. 
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EXPT. 2. To design a multivibrator and depict the grid and 
plate waveforms. 


R values 

50* 
75 K 
100K 


» 



C values 
05 rf 
001 ,if 
•005 t if 


Connect 

I" reading AA X A X & BB,B 
2 nd reading AA t A 2 ' & BB X B 3 
3 ,w reading AA X A 3 & BB X B 3 
A ,h reading AA%A\ & BB»B X 


9 ,h reading AA 3 A 3 & BB 3 B 3 
(Circuit diagram for design) 



Fig 3 (a). 
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rxATtCtFWl m*Cfi*** 

OMC&scme* ^ 

iirui 


9*io cntcorr havc/ok** 

OV C/fa scpeem 


U I 




MTI € S0*M0F4S*£ : ^. v 

*«MF <*OSC*JMO*OH - V \ 37 
ms c*o imfutAX* 

OtlCOLATmfAtQ.Of tUAWB**™* 


Fig. 3 (6). 

Procedure : Connect output terminals of multivibrator to YY 
plates of CRO. Use internal sync. Obtain steady pattern of plate or 
grid waveform on the CRO screen with the help of frequency 
controls. Sketch the pattern on the paper. Repeat it with every 

rCad Then inorder to calculate multivibrator frequency with every 
reading, connect a.f. oscillator to XX terminals of-CRO. Vary 
oscillator frequency to obtain same number of wavelengths as that 
of multivibrator on the screen (without disturbing fre ^ ue "^ con ‘ 
trol of CRO which were already set for steady square wave pattern) 
Note the frequency of oscillator (that will also be the frequency 
multivibrator). Say it is/, then 

f = 2NRC' 

where N is the factor which for most of the tubes varies from 
1 to 4. Calculate N for every reading._ 



EXPT. 3. To design a wavemeter for certain range of frequen 
cies (say 1 to 5 mc/s). -- , --”1_ 

In circuit shown, L 2 is a 1 i re¬ 
calibrated variable inductor and <*^($) 7- c 

C is calibrated variable capaci- g| a* 

tor (say 0—500 p.f.). Suppose 1-f L--1 \%4Pf 

minimum value at one end of C 

is C, (say 25 p.f.) and maximum Fig. 4. 




) 


henry 
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value at other end is C 2 . Then 

/, (say 1 mc / s ) = ^ir J ) 
/*(say5mc/s)=J r y( z g-) 
so that _ ^ 

inductance. 

(//) Set C at its minimum value, C, and vary^ciHator 

auencY to obtain maximum indication (resonance) in J n J^ct 
quency w u .. . /• u ul due ( 0 stray inductance, stray 

i^S.y d 9 

Thus wavemeicr would work for frequencies lying between/, 
and {’I Now , 0 calibrate the designed wavemetcr in frequency. 

oivc innut at various oscillator frequencies and obtain maximum 

indication in^for every frequency. Writedown these frequencies 
at the dial of variable capacitor. 

EXPT. 4. Measurement of L, C. R, and Q of a coil at high 

frequencies. 

® H 

norx?C\ . 



* F ~r~ 

9SC/LUV* 'VC 


erv 



ahmETEA 


UP/. 


Fig. 6. 


Measurement of d.c. 
resistance. 


Fig. 5. Resonance measuring 
arrangement. 

Theory and Procedure : 

... Fir ,, 0 f all. d.c. resistance of the coil may be calculated. 
For his measurement, circuit is shown in lig. 6 With the help of 
rheostat,"obtain various readings of voltage and current. Then 

volts . _ c 

d.c. resistance = ^5^ =.ohms. 

variable air capacitor is calibrated. Keep some value of 
capacitance in C. Let this be C„ then vary oscillator frequency to 
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get maximum indication in pA (resonance condition). Note this 
oscillator frequency. Let this be /,. Now vary capacitance on 
either side of C, value so that deflection in fiA is reduced to 70’7% 
of its value at resonance (suppose maximum deflection at reso¬ 
nance is 20 nA then vary capacitance above and below C, such that 

deflection is 20^14-1). Let these values of capacitance be 
100 

Cl and C 2 . Repeat the whole procedure with various values of C f 
and corresponding values of/„ Ci and C 2 . For each set 
2C, p l C 2 -C! 

e “c^cr 2 

H “' ! ' 

where v is velocity of light, C 0 and C. 
include extra capacitances due 
other parts of the circuit. A, is 
3*10 8 

— j— meters. 
ft 


C,C 2 


ohms. 


0 “““ 
to wire to 



In order to calculate (C 0 +C o ) plot a graph 
between A, 2 and C,. Intercept on C f axis 
will give (C 0 +C o ). Draw graph between f, 
and Q values. Formulae used are deduced 
below : 

C, and C 2 are the capacities at half power points at which 
current falls to 70’7% of its maximum value. 

Thus — pr —oj,L=R 


and 


so that 


0>rC l 

J_ 

W,C 2 

2R-. 


■ u),L=—R 
Ct-Cy 1 


C\C 2 


w. 


R = -r- 


1 C 2 -Cj 


Let 


4it/ CtC, 
CiCj=C r *, then 


Cq-C, 

2 C r 


or 


<o,C,R=-£ 

fl-ggr 

Further at resonance 

<o, 2 I(C,+C 0 +C.)=l 


L= 


Ar 2 


4*rV (Cr-fCo+C,,) 

EXPT. 5. To study response characteristics of a transistor 
RC coupled amplifier with and without negative current feed back. 



Experiments 


1661 


Required. PNP transistor 2 SB 77 or AC 125. Resistances of 
values shown in the circuit'(2k, 3k. 5k, 22k, 2 7k, 47032,10032) Capaci¬ 
tances shown in the circuit (25///, 25///, 10///, 8///), Audio frequency 
generator (0-50kc/s). V.T.V.M. as output meter. High frequency 
(a.c.) milli voltmeter (0-50 mv), 6 volt d.c. supply, one DPDT 
switch. 

Circuit Design : 



Fig. 8. Single Singe RC coupled amplifier. Conned A/A for 
current feedback Ac A.V for no feedback 


Procedure : 

(A) Without Current Feedback : Switch K is connected with N : 

(i) Connect CA and CE. 

Keen input voltage (10 mV) constant. Vary oscillator fre¬ 
quency from 10 c/s to 50 kc/s and note the output voltage 
at various frequencies. 

(ii) Connect CB and CE. 

Repeat the procedure written in (i). 
fiiil Take similar set of observations by connecting 

CP & CE, CA and CF. Cli and CF,CD and CF. 
t B) With Current Feed hack : Switch K is connected with M. 
Repeat the whole procedure detailed in above method (A). 
Observations : (A) Without current Feedback :_ 


lutpul 


Frequency 
in c/s 


C 25 iif with 
CA CE I CD 


with 
CB « 
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(B) With Current Feedback. 

Prepare same table as in (A). 

Find voltage amplification at various frequencies by 

output voltage 
V - A '-input voltage 

and then plot graphs in voltage amplification and corresponding 
frequencies. Do it for both the cases with and without current 
feedback. 

EXPT. 6. To study the regulation characteristics of a Zener 
regulated and IC 741 regulated power supply. 

Required : 0-12V transformer, four PN junction diodes, one 
zencr diode, one IC 741, one 27V3055 NPN transistor to be used 

as series transistor with/C, resistances (10 ohms, 50 ohms, 5A, 

10K); condenser (50 M /-two 100 /*/, \yf) ; ont pMM 
voltmeter (dc, 0-25F), milliammeter (dc 0-50 n\A )> mllivol 
meter (ac, 0-500 mV) for measuring ripple, a separate o 
supply to give - 15K to terminal 4 of IC 741. 

Circuit design : Read precautions. 


♦15V 2N 3055 



(A) For Unregulated output: 
connect A with F 

(B) For zener regulated output: 
connect A and B 
connect C and F 

(C) For IC regulated output : 
connect A and B 
connect C and D 
connect A and X, 

close switch K 
connect E and F 


9. Unregulated, zener regu- 
hied and 1C regulaicd 
power supply. Keep 
switch. K open. k< Close it 
only when IC is being 
used. 
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Formula used : 

(i) % regulationx 100 (£, vt =no load voltage 

£ L =voltage on load) 

(ii) % ri PP le= f~ x l0 °- 

Procedure : (A) For unregulated output : 

Connect A with F tetminal. Vary potentiometer and note 
voltmeter reading (output voltage), milliammeter and a.c millivolt- 
meter (ripple) readings for each setting. 

(B) For zener regulated output : 

Connect A with B terminal and C with F terminal. Vary 
potentiometer and note voltmeter, milliammeter and a.c. milli- 
voltmetcr readings for each setting. 

(C) For 1C regulated output : 

Connect A and B: connect C and D, close switch A', connect 
A and X, and connect £ and £. Vary potentiometer and note 
voltmeter, milliammeter and a. c. millivoltmcter readings tor each 
setting. 

Observations : 

(A) For unregulated supply : 

(i) Disconnect mA and note voltmeter reading. This gives 
voltage at no load. So 

E nl = .volts (16 volts say), 

(ii) Reading with load for various settings of potentiometer: 
Connect milliammeter. 


readings of 
milliammeter 
mA 

readings of 
voltmeter, volts 
(Fjc or £/.) 

readings of a.c. 
milli-voltmctcr. 
volts (£„«) 

1 

% regu¬ 
lation 

% ripple 


• • • 

•* * 

• •• 

• • • 

• • • 

• • • 

• • • 

• • • 



• • • 

• • • 


(B) For Zener regulated supply : 

Prepare record as explained above. Current will now be 
limited to 30 mA (depending uponcurrcnt limiting resistance) and 
voltage to 4-5 volts (as it is a 4 5 volt zener). 

(i) £„£ = ...volts (4*5 volts say). 

(ii) With load. Connect milliammeter. 
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milliammeter 

mA 


voltmeter 

volts 

E dc (or E£) 


a.c. millivoltmeter| 
volts ( E QC ) 


% regu¬ 
lation 


% ripple 


(C) 1C regulated supply : 

(a) Etfi=— V °l ,s (6 volts say) 

(b) with load. Connect milliammeter. 


readings of volt¬ 
meter, volts, 

readings of a.c. 
milli-voltmeter 

7. regu- 

7. r 'PP le 

Edc (El) 

J__—1 

volts, E ae 

... l 

lation 

... | 

... 

• •• • 


milliammeter 

mA 


Plot two grapns m every case—wic m » V au v»....... 

mmeter readings) with % regulation, and other in load current 

with 7 0 ripple. 

We observe that : 

(a) Variation in output voltage with load is less in case of 
Zener regulated supply and least in case of IC regulated supply. 
Therefore IC regulation is best. 

(b) Further, ripple is also least in case of IC regulated supply 
and less in case of zcner regulated supply in comparison with un¬ 
regulated supply. 

Following precautions are to be taken : 

(i) Connection between various terminals should be made 
with utmost precaution. In no case terminal A should teconntc- 
ted with 0, otherwise IC will be destroyed. Also A with * should 
be connected and close switch A only when IC is being used. 

(ii) Polarities of the various voltages should be properly 
connected. 

(iii) Do not touch with hand the transformer connections. 

EXPT. 7. To plot the characteristics of a Zener Diode. 
Required. Zener diodes of different ratings (4’5K, 6P, )• 

Milliammeter, Voltmeter, dc supply of 12F, Rheostat. 

Circuit Connections : 

Under forward bias condi¬ 
tion, zener diode acts like an 
ordinary PN junction diode. 

Therefore we study its characte¬ 
ristics only in reverse bias condi¬ 
tions as shown in fig. 10. 



-=ri2V 


Fig.10. 
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Procedure : note , he curren t, if any. 

in, <" ,o ' 5v ”'' “ ,i 

zrrjszsza ’£££%& - - — - • h ' s 

. —r or s ° me 

other ratings. 

Plot a graph in current and applied ^ vo.v 
voltage (fig. 11)- — f 0 

Precautions to be taken are : • S i ( 

(i) Zener diode should be connec- , / j niA 

ted in reverse bias condition. \/ 

(ii) Ratings of diode is an import- h- -- 
ant consideration. Therefore when using / 

this diode in voltage regulation, a / 
current limiting resistance of appropriate 

lo't^fthe'po^ver dissipateTacross the junction is within its power 
handling capability. 

EXPT 8 To design a Wien bridge oscillator and to measure 

,h * 'KS 1 ^nrllfUSSL (or *c .25,. «P «*«•»■ 

“E g Ktt M. AS 

oscillator. 

ClrCU VaHouscircuit clement values are showu in the figure. There 



Fig. 12. Wien Bridge Oscillator 
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are two RC combinations. When K t is closed (K 3 is open) then 
R= 4*7 K Q and C=01 /z/. So that frequency of the oscillator 
will be 

J 2t tRC 2x314x4*7x 10 3 x01x 10" fl 
=3387-99 c/s^3388 c/s. 

But when K 3 is closed (K 2 is open) then R=41KQ and C=01 
nf so that 

f _ ! _ ! _ 

/_ 27r/?C”2x3-14x4-7xl0 3 x0-lxl0- 8 

=338-79 c/s^339 c/s. 

For the circuit to work as an oscillator, Switch K x should be 
closed so that positive feed back exists and the circuit oscillates. 
Now d.c. supply is cut off so that the circuit does not work. An 
a.f. oscillator (keep input low 10 mV) is connected at its output 
network i.e. at A and C. We can measure output voltage, E 0 , with 
the help of V.T.V.M. between its A and C terminals and voltage 
fedback, Ejb between its B and C terminals at various input freq¬ 
uencies. If we then plot a graph in E/blE 0 with frequency then it 
will have its maximum at /=3388 c/s (for R=4‘l KQ and C= 
0 01 rf) or /= 338-8 c/s (for *=4-7 KQ and C=0-l p/), 

Procedure : 

(i) With /?=4-7 KQ. C= 01 jif. Close K 2 and K x (open K %): 

Connect terminal B to Y input of C.R.O. and terminal, C, to 
ground of C.R.O. Use internal synchronisation and form wave 
pattern on the screen. Suppose 3 waves are formed. Then dis¬ 
connect B and C from C.R.O. Instead, connect an audio oscillator 
with T-plates and ground of C.R.O. and then by varying audio 
oscillator frequency (Internal synchronising frequency of C.R.O. 
should not be disturbed this time. It should remain exactly at 
the value at which it was set for Wien bridge oscillator waveform 
on C.R.O. screen) make the same number of waves (3 waves 
as formed with Wien bridge oscillator, say) on the C.R.O, screen. 
This frequency of audio oscillator, at which these same waves are 
obtained, gives the frequency of Wien bridge oscillator. Compare 
this value with the calculated value of the frequency. 

(ii) With R=4-7 KQ, C=01 p/, close K 2 and K x (open K z ): 

Proceed as detailed above in (i). 

(iii) Switch off d.c. supply. Connect K % , open K 2 . Connect, 
audio frequency oscillators between terminals A and C. Keep its 
output 10 mV. Vary oscillator frequency and note E 0 and Ejb at 
every frequency with the help of V.T.V.M. 

(iv) Open K 2 . Connect K s . 

Proceed as detailed above in (iii). 


1667 


Experiments 


Observations : 


(i) 


Oscillator frequency 

with /J=4‘7 KSi,C=0'\ hf= 


(ii) Oscillator frequency 

with R =4 7 KQ, C=0 01 m/= 


c/s. 

..c/s. 


(iii) 


Oscillator freque¬ 
ncy c/s 

with close 

with Ks 

close 

1 

| 

E f „IE 0 \ 

D 

□ 

E/blEo 

lOc/s 

• • • 

• • • 

• • • 

• • • 

• • • 

... 

• • • 

• • • 

• • • 

• • • 

• • t 

• • • 

• • • 

• •* 

• • • 

• • • 

• • • 

• • • 

... 

• • • 

... 

50 icc/s 

• • • 

• • • 


... 

• •• 

• • • 


Calculate using the relations 


f 


=.c/s 


and 


.c/s 


t 

e. 



2w /?Ci 

f' = '2TRCt 

and compare the experimental and 
theoretical values of frequencies. 

Plot graph (fig. 13) inEfhlE* rneoutNCv 

with oscillator frequency Fmdfre- 13 

m U um Cy gives'Vrequcncy'corresponding to the combination used. 

pvpr 9 To design a Hartley oscillator and to calibrate the 
dial oif its tank circuit capacitor in terms of frequency. 

•.it- A NPN transistor 2N3055, one R.F.C. (it is a coil 
Required • , lQ prcven , high frequency oscillations 

of high tn^uctan of 30m//). Capacitors of values -02/*/. 

from reaching the SU K of values 33K, I0K and 4 7K. Vari- 

'05(*/• ,°W. ;.^{' ( o_iooo nf) and an inductive coil (of m// order) 
ab rvano P u a s a r p mg' .o sc{vc as tank circuit of the oscillator 
alley w e * L in the circuit). A 20 volt d.c. supply. 

Circuit Design: . . ... . 

T . „ vnltaee developed across the tank circuit ( LC circuit) is 

the circuit "ini® class C operation. C is a variable air capacity 
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(0—1000/?/). A dial marked in degrees, say from 0° to 90°, is atta¬ 
ched to its slow motion handle. Coil L of order of mH is wound 
on a former and various tapping terminals say after every 5 turns 
are provided. The variable tap wire can be connected to any of 
the tapping terminals 1, 2, 3,...etc. 



Fig. 14. Hanley oscillator. 

Procedure : (i) Keep C at some value, say its dial pointer on 
10°. Now connect variable tap from base end with tapping ter¬ 
minals I, 2, 3....towards collector end. For each tap, note the 
a.c. output voltage (for it keep V.T.V.M. on some suitable a.c. 
range and adjust zero of scale). For any particular tapping, out¬ 
put voltage will be maximum. Note this tapping. Fix variable 
tap in this tapping terminal for calibrating dial of capacitor as 
described in (ii). 

Plot a graph in output voltage with no. of tappings. 

(ii) Using coil of appropriate frequency range (in which the 
frequency of tank circuit is expected to lie) in frequency meter, 
start calibrating the dial of variable air capacitor. Keep dial 
pointer on 10° and then adjust frequency meter for maximum 
deflection. Read this frequency. Next keep dial pointer on 20 
and obtain maximum deflection in frequency meter. Read this 
frequency. Continue likewise till the whole capacitor range is 
covered. Thus the variable air capacitor is calibrated. 

Draw a calibration curve in dial divisions and corresponding 
frequency. 
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Another useful circuit: 


•*15 V 



1 


Fig. 15. Hanley oscillator. 

FXPT 10 To determine the energy band gap of a semi¬ 
conductor (Germanium) using Four Probe method. 

„ • Probes arraneement (it should have four probes, 

yajass ssssnss^ 

?SSS is better). Power supply 

for oven, Thermometer. 

Formula used: . 

The energy band gap, E„ of semiconductor is g.ven by 

E 2J026xJog !L P > in eK . 
y.(in K) 

where k is Boltzmann constant equal 8-6 x I0_ ‘ ev/deg.. and p is 
Tesistivity of the semiconductor crystal, gtven by 

p= f(Wis) whCfC x2w - 

r .;^o ft\V!s\ refer to the table data given in calculations. 
F ° r See between probes & W is the thickness of semiconduct- 
ing crystth V and / are the voltage and current across and through 

the crystal chip. 
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Procedure : Refer to fig. 16. 


mV 



Fig. 16 

O') Connect one pair of probes to direct current source thro¬ 
ugh milliammctcr and other pair to millivoltmcter. 

(ii) Place four probe arrangement in the oven. Fix the 
thermometer. 

(iii) Switch on the constant current source and adjust current 
/, to a desired value, say 2mA. 

(iv) Connect the oven power supply and start heating. 

(v) Measure the inner probe voltage V. for various tempera¬ 
tures. 

Observations: 

(i) Distance between probes 

(ii) Thickness of the crystal chip 

(iii) 7*and V for current (/)=...mA (constant). 


Table-1 


S. No. 

Temperature 

Voltage 

in 0°C 

in K 

1 

V , in volts 

• • • 

• • • 

• • • 

• • • 

• • • 

• • • 

• • • 

• • • 

• • • 

• • • 

• • • 

• • • 


First find resistivity, p, corresponding to temperatures in K 
using the relation 


pr= _?o_ 

' awy 
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where 


y 

p 0 = - x 2 ns= ...ohm. cm. 


asws « k afuw 

v ., .S!“ cl ”“ ,ht 

Table-2 


-- 

W/s | 

/(HW | 

0 100 

13863 

0141 | 

9-704 

0-200 | 

6-931 

0 333 

4159 

0500 | 

2780 

1000 

j 1-504 

1*414 

| 1223 

2000 

j 1 094 

3*333 

j 1-0228 

5000 

1 1 0070 

10000 

1 00045 


If any ^^%aa d cs in ftUtap'hthc 

of/(corresponding to any value of(H7*> can be found out. 

A f «er choosing/,^). 

to'varfous values of temperature and tabulate as follows • 
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Table-3 


Temperature, 

T, in K 

Resistivity 
/>, ohm. cm. 

j.x 10 3 

logio P 

291 




297 

. — 

• •• 

• •• 

• •• 

• •• 

• •• 

• •• 

433 

• •• 

• •• 

• •• 


• • • 

• •• 

• • • 


Finally plot a graph in 10 3 j and log l0 p as shown in 
fig. 17. Find the sl6pe of the curve 


— _ lQ gio P 

* C_ (i)x.000 



Fig. 17 

So that the energy band gap of 
is given by 

^ 2 ' 30 ^X10 lo p 


semiconductor (Germanium) 
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=2kx 2-3026x^x1000 

A R 

= 2 x 8 - 6 xl 0 ' s x 2 - 3026 x^xl 000 eV 

=0'396x^ eV=...eV 

EXPT. 11. To find common mode rejection ratio (CMRR) 
of a differential amplifier : 

Required : Two 6V d.c. supply. Two capacitors (each of 
„ uf) Four resistors (each of 10 K.O), Two transistors BC I48B 
(NPN)' Audiofrequency generator (capable of g |Vin 8‘h* output 
as low as 0'1 to l mV) and V.T.V.M. as output meter (range of 

mV order). ... c .„ 

Circuit design : Circuit is shown fig. is. 



^.-output voltage measured by VTVM between Y and Z 


points 

y ln -input voltage applied by audio frequency generator 
A 0 r B terminals will be grounded if connected to Z point. 

Procedure- mode grounl i a (connect to Z) and apply 

differential gain is 

...( 1 ) 


Ad- 


N „« «b.» input i^pM 

while 2 is non-inverting. That is wny r ol 
the expression. 
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(ii) For common mode, join B with A and apply input at A. 
Then measure V Ql and V o2 . Measure input voltage, V,„. The 
common mode gain will be given by 



The common mode rejection ratio (CMRR) will be given by 

CMRR=^- 

Ac 

EXPT. 12. FET characteristics : 

(i) To measure pinch-off voltage, V P . 

(ii) To plot the output characteristics 

(iii) To measure the drain current, I D , for zero gate voltage 
( loss )• 

Required ; FET (BFW 10 or BFW 11), DC voltmeters (range 
0 30K, and 0—10F), DC milliammeters (range 0—50 mA and 
O—50 fiA). Two dc power supplies with variable outputs 
(Fee & V DD ). 

Circuit: G is gate, D is drain and S is source. FET is 
BFlV—\0. Note V G g=Vgs • Current meter, Id, may be such as 
to have both fxA and mA ranges. The desired range may be put 
into use by a switch. Handle FET gently. Do not touch it of 
and on. Be careful in applying voltages to gate and drain. 



Fig. 19. For FET output (drain) characteristics 
Procedure : (i) First disconnect Vgg and short circuit G and 
S terminals. Keep Vdd= 10 volts. Now increase Vgg and note 
that current I D decreases. Increase V G g such that current Id 
becomes zero (you may have to change to \lA range). Record it. 
This value of Vgg is pinch-off voltage, V P (The typical value is 
—5 volt). 

(ii) Set V G g= — 5 volt, and vary Vdd in steps to change Yds 
by about 1 volt each time. Measure V D s and Id at each step. 
Continue upto F/)$=15 volt. 

(Hi) Now put Vgg = 4'5 volt and repeat step (ii). 

(iv) Take more observations with lesser values of Vqg» For 
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V C G= o, disconnect power supply V C c and short circuit terminals 
G and S. 

(v) Record observations and plot a graph in Vos and Id 
(fig. 20) for various values of V C s (= ^cc). This family of curves 
is called output characteristics of FET. 

(vi) Now short circuit G and S terminals so that Kcs==0. 
Increase V d d and stop when K*>s=8 volt Measure, Id. This is 
loss. (Typical value is I2m^). v 

Observations : 

Note Vgs=VgG' 


S.No. 

Vcs—*V 

y Gs =- 4-sv 


Vas =0 

I.5 5 

Id 

(mA) 

Vos 

(volts) 

Id 

(mA) 


V DS 

(volts) 

Id 

(mA) 











VfK .VOtl —► 

Fig. 20. Output (drain) characteristics of FFT. 

EXPT 13. To plot SCR (SN 050) characteristics under 
different gate current conditions and obtain maximum forward break 
over voltage, V drfo- 

Required : SCR (SN 050), DC current meters of ranges 
(0— IOOm/0. (<>— \0niA) and (0— ImA). DC voltmeter (0-500K), 

Two resistances (R, and R G ) of 1 kQ, Two potent.omctcrs (/*, & 
P-) of IkSi and 1 0ki2, Variable potentiometers (Ittft & 3AO) for 
anode and grid supply. Switch. S, in order to change the milli- 
ammeters of different range without breaking the anode circuit. 
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Circuit: 



Fig. 21 Circuit for SCR characteristics 

Procedure : 

(i) Keep 7a -0. Keep switch, S, OFF. Variable resistor P x 
fully clockwise. Let I A (dc ammeter) be of range (0—1 mA). Now 
increase supply voltage V AK (0—500 volt) and note values of V A 
and I A at regular intervals. The current, I At will be in \lA until 
the forward break over voltage is reached. At the breakover 
point the current will suddenly shoot up and voltage V A will go 
down. Note the values of V A and I A just before breakover and 
ON switch S immediately. 

(ii) With 5, ON , change the current meter, I At to another 
ammeter range (0-100 mA). OFF , switch S. Note values of 
V A and I A at this instant. Without changing V a k % now turn poten¬ 
tiometer P x anticlockwise to increase I A in steps. Note V A and 
I A at each step. Go upto I A =50 mA. 

(iii) Now start the whole experiment again with lG=0 5mA 
(adjust this value with the help of potentiometer 7 > ,). Start with 
Vak= 0, turn P x fully clockwise. Put I A meter of range (0— \mA) 
and proceed as detailed in point (i). Come to break over point. 

Then replace l A meter of another range (0—100 mA) with the 
help of switch, 5, and proceed as described in point (ii). 

Observations : 


/(?= l'65mA 

/(?= 1’7 mA 

Ic=l-SmA 



v A 

volts 

Ia 

mA 

Va 

volts 

u 

mA 

Va 

volts 

Ia 

mA 

• • • 

• • • 

1 

| 

• • • 

• • • 

... 

• • • 
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Plot graphs in V A and I A for different h values (fig. 22) and 
find forward breakover voltage, Vbrpo- 

One should be careful in handling the SCR. It should not be 
touched while testing. Keep power supply voltage at zero before 
starting the experiment. 



Fig. 22. SCR characteristics 
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EXPT. 14. Measurement of h-parameters of a transistor 
(AC 126) at 1 kc/s. 

Required : Transistor AC 126, Two inductances (each of 2 H) t 
Milliammeter (0-10 mA) f Two resistances (/?, = 560/2 /? 2 = 1000/2), 
One switch (5), One capacitor (1000 /a/), Two d.c. supplies 
(^cc= 9V, V bb =2'5V), V.T.V.M., A.F. oscillator (output in mV 
range). 

Circuit : 



Fig. 23. Circuit for /i-parameters of AC 126. 

Inductance L x will offer appreciable impedance at 1 kc/s 
compared with transistor input resistance. In this circuit, for 
proper biassing conditions adjust V B b and V C c such that Ic is 
about 2mA and V C e is about 5 volt. 

Procedure : First obtain proper biassing conditions. 

(0 Switch (S) ON ; that is K c =0 : 

Connect A.F. oscillator between terminals 1 and 2 and set it 
at 1 kc/s with output voltage of about 10 mV. 

Now measure, with the help of V.T.V.M., voltages 
(voltage between terminals 2 and 3), V 3U V 4G and V 66 . 

(//) Switch (5) OFF ; That is 4=0 : 

Connect A.F. oscillator across terminals 5 and 6 (instead of 
I and 2). Set its frequency at about I kc/s with output voltage 
of about 200 to 300 mV. Now measure voltages V' 3S , V 46 and 
V' 6G (prime has been used to differentiate them from switch ON 
values). 

Observations : 

Switch ON (F r =0) Switch OFF (4=0) 


v, 3 =... 

...volts 

I/' = 

r 3 ,=... 

1 • • • 

' 82 — 
V 4fl = 


• • • 

V*=. 

V&6 — ... 

• • • 
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Calculations: Note that *,=560*2 and *,= 1000*2. 

/i-parameters are : 

(Kc=0) and /./,=£- (K ‘ =0) 

*,,,=^(7*= 0) and h °' = V, (/ ^ 0) 

But n=K, s I r 1 

1/ r V 56—! 

S-For Kc*»0 c ~ *2 

| switch ON y (= V \c I switch OFF 

/c= ^ J J 

Therefore, interms of measured voltages, we write the desired 
hybrid parameters as 

ohmS - 

'31 

. { V<*-V *)Rx 

*, 

h 

" K' 4 . 

and mh ° S 

Result : The measured I ,-parameters for the given trans.stor 
AC 126 at I kc/sare: 

hms Std. values, (17 to 3 8 **2) 

* ,1= .° hm (13x10-*) 

"" = . (100 to 300) 

"A - . . (100 to 170 mhos) 

/i 0 ,=.mhos 

EXPT 15 Study of amplitude modulation 

Circuit U shown in H 24 . £jL! 

connected between and gro• ^ audio frequency at 

is connected between A and ^nd Keep, q de ,/ rge 

400 c/s and earner at Ahf^n a s^ady pattern (shown in fig. 25) 
TX ffiTg- uSn“T«.:™f synchronisation, hind percent 

modulation 

Emax — Emin ,/aq 
m== £-p£ X * 

ting signal). 
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Fig. 24. Circuit for amplitude modulated wave. 



Fig 25. Stationary pattern of an amplitude 
modulated wave on C.R.O. screen. 

EXPT. 16. (A) To determine the detection characteristics of 
an anode bend detector. 

(B) To study the effects of grid condenser and grid leak on 
the sensitivity of a cumulative grid detector. 

Procedure : (A) Circuit for plotting the detection characteris¬ 
tics is shown in figure 26. 

We proceed as follows : 

(/) Adjust the grid bias to anode cut off point and apply 
first low anode voltage. 

(//) Apply the signal and take the readings of plate current 
corresponding to different signal voltages. 

(ill) The whole test is repeated for one or two higher values 
of anode voltages. 

Curves of rectified current to a base of signal voltage for each 
anode potential are drawn as shown in fig. 27. 
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Microammeter in anode circuit is shunted by a bypass conde: 
and an auxiliary d.c. circuit to enable the steady anode current to 
be ‘backed-off\ 

We proceed in the following manner : 

(/) Starting with low values of C and R , the ammeter in 
anode circuit is backed off to read zero with no applied signal. 

00 Now apply the signal and increase it from zero to one 
volt approximately. Rectified current is noted for each setting of 
the signal voltage. j t 

(Hi) Repeat the test with higher value of grid leak resistance 
R, > 

(/V) Again repeat the test with a higher value of capa( 

C in conjunction with the high value of/?. 

Curves of rectified current to a base of signal voltage for * 
different values ©•* /? and C are plotted as shown in fig. 29.. 



Fig. 29. Cumulative grid detector characteristic*. 

It can be seen that sensitivity is greater for low sig 
voltages. For the same signal voltage, distortion is less w 
load R is increased, while distortion is more if capacity 
increased. 
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common collector circuit 
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